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ABSTRACT

RNA catalysis is of fundamental importance in many biological functions, such
as the peptidyl transferase activity of the ribosome and genetic control by riboswitches,
among others. Small ribozymes are a convenient system to increase our understanding
about the structure, folding and catalytic mechanism of ribozymes. This dissertation
includes analysis of certain aspects of the catalytic mechanism in the hairpin and
hammerhead ribozyme. In the hairpin ribozyme, we studied the functional
consequences of molecular substitutions at two conserved positions, A9 and A10.
These nucleotides are located close to the scissile phosphate but their exact function is
unclear since they do not appear to be making any essential interactions with other
nucleotides in the catalytic core. G, C, U, 2-aminopurine, 2, 6-diaminopurine, purine,
and inosine were substituted at A9 and A10 and their effects on cleavage and ligation
rates were analyzed. The effect of the variations on tertiary structure and docking was
monitored by hydroxyl radical footprinting and native gel electrophoresis. It was
observed that all the variants that exhibited poor docking and/or tertiary structure
formation were also ligation challenged whereas they performed normally in the
cleavage reaction. We found a unique variant, A10G that cleaved five times faster than
A10 but did not exhibit any ligation. Results suggested that ligation required a more
kinetically stable core than that needed to carry out cleavage. The hammerhead
ribozyme field featured extensive disagreements between the crystal structure of the
minimal hammerhead released in the mid 90s and the accumulating biochemical data.
Much of the conflict was resolved with the new crystal structure of the extended
hammerhead ribozyme. This structure confirmed many of the biochemical findings and
brought out some new interactions, notably the G8·C3 base pair. We studied numerous
base substitutions to establish the importance of the base pair for cleavage and ligation.
Catalysis requires the formation of the base pair but even the fastest base paired variant
was 10-fold slower than G8·C3 base pair. Docking and tertiary structure analysis by
hydroxyl radical footprinting and native gel electrophoresis emphasized the importance
of having a purine at position 8 and a pyrimidine at 3. Catalysis in the unmodified
ribozyme was uniquely accompanied by hydrolysis of the 2′, 3′- cyclic phosphate ring
present on one of the cleavage products, leading to the generation of non-ligatable
products during a ligation assay. We determined the ligation rate-pH profile for
unmodified ribozyme that differed from the cleavage rate-pH profile only at high pH.
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CHAPTER 1
Introduction

The catalytic properties of RNA (ribonucleic acids) were discovered in 1982 (Kruger
et al., 1982) in the self-splicing intron of Tetrahymena pre-mRNA. These catalytic RNAs
were called ‘ribozymes’. This was followed by the discovery of other natural ribozymes
like the hairpin, hammerhead, Neurospora Varkud satellite and hepatitis delta virus
ribozymes (Stage-Zimmermann & Uhlenbeck, 1998; Walter & Burke, 1998; Lafontaine
et al., 2001; Wadkins & Been, 2002) and the generation of synthetic ribozymes by invitro selections (Wilson & Szostak, 1999). It was found that RNase P, which processes
the 5′ ends of tRNA precursors, was also a ribozyme (Guerrier-Takada et al., 1983;
Guerrier-Takada & Altman, 1984) Similarly, the spliceosome contains small nuclear
RNAs (snRNA) that most likely catalyze the splicing reaction (Collins & Guthrie, 2000;
Villa et al., 2002). The ribosome, containing 3-4 rRNA molecules and a large number of
proteins was also found to be a ribozyme in that its peptidyl transferase activity is
mediated by the large ribosomal RNA (Cech, 2000; Moore & Steitz, 2003). Newly
discovered riboswitches demonstrate the capability of RNA to control gene expression
(Nahvi et al., 2002). They are primarily found in the untranslated region of an mRNA that
can bind to a specific metabolite which consequently regulates the expression of its gene.
One of these riboswitches, glmS, proved to be a ribozyme that cleaves its own mRNA
(Winkler et al., 2004).
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There are different reaction mechanisms used by the naturally occurring ribozymes,
differing in the intermediate formed and the products generated (Fig. 1.1). One
mechanism uses the 2′- hydroxyl group of the sugar preceding the scissile phosphate
leading to generation of products with 2′, 3′- cyclic phosphate and 5′ -hydroxyl termini,
seen in the self-cleaving RNAs. The other mechanisms observed in RNase P and selfsplicing introns use an external hydroxyl group as the attacking nucleophile giving rise to
products with 5′phosphate and 3′-hydroxyl termini. The different ribozymes have been
classified into groups, based on their reaction products (Table 1.1). Although most of the
small ribozymes catalyze the same chemical reaction, they are mechanistically and
structurally different. Thus, it is imperative to understand the catalytic capabilities of
different ribozymes that function in the biological processing of RNA. This knowledge
would help to enable exploitation of the ribozymes for therapeutic applications.
Small ribozymes are a good system in which to study RNA structure, folding and
mechanism. The hairpin and the hammerhead are two such ribozymes that have been
extensively studied. The research in this thesis deals with understanding different aspects
of the catalytic mechanism in two small naturally occurring ribozymes: the hairpin and
the hammerhead ribozymes.

RIBONUCLEASE A

Ribonuclease A is an extremely well studied enzyme that catalyzes two independent
reactions: cleavage of the P-O5′ bond of an RNA strand and the hydrolysis of the 2′, 3′2

cyclic phosphodiester on the 3′-side of a pyrimidine residue (Cuchillo et al., 1993) as
shown in Fig. 1.1. Both the reactions involve a pentavalent phosphorus transition state
although

the hydrolysis

occurs

at

a much

slower rate compared

to

the

transphosphorylation reaction. Interestingly the cleavage reaction catalyzed by the selfcleaving ribozymes including the hairpin and the hammerhead resembles the first step of
cleavage by RNase A. The second slow step is also observed to occur in the VS and
hammerhead ribozyme although the hydrolysis rate (~10-5 in VS and the hammerhead
ribozyme) was found to be insignificant compared to the transesterification reaction (~1
min-1 for hammerhead and ~0.3 min-1 for VS ribozyme) in the ribozymes (Hertel &
Uhlenbeck, 1995; Zhao et al., 2005). Another similarity between the ribozymes and
RNase A is that both use acid base catalysis and transition state stabilization to enhance
their catalytic rates although ribozymes do not have functional groups similar to the
histidine and lysine side chains of protein ribonucleases. The imidazolium side chain of
His12 acts as the general base that deprotonates the 2′-hydroxyl group of the substrate
molecule while that of His119 acts as the acid that protonates the 5′-oxygen leaving
group (Fig. 1.2). Lys41 stabilizes the excess negative charge that develops on the nonbridging phosphoryl oxygens in the transition state (Raines, 1998).

The cleavage of dinucleotide substrates and the hydrolysis of 2′, 3′-cyclic phosphate
substrates by RNase A have a classic bell shape pH – rate profile (Herries et al., 1962)
which is consistent with a mechanism that involves two titratable residues. Substitution
of His119 and His12 with 4-fluorohistidine (lower pKA) retained the bell-shaped profile
3

but shifted to a lower pH (Jackson et al., 1994) supporting their roles as general acid and
base. His12 acts as the base in the transphosphorylation reaction and an acid in the
hydrolysis reaction, while His119 has a complementary role. Replacing Lys41 with
arginine and cysteine reduces the catalytic efficiency (kcat/KM) by four orders of
magnitude (Messmore et al., 1995). Similarly replacing His119 and His12 with alanine
slows catalysis by 104- to 105- fold (Thompson & Raines, 1994).31P NMR spectroscopy
and other experiments show that RNase A preferentially converts all of its substrate to
free 2′, 3′ - cyclic nucleotide and then hydrolyzes the cyclic phosphate to a 3′ nucleotide
(Markham & Smith, 1952b, c, a; Thompson et al., 1994). The imidazole groups of His12
act as the base in the transphosphorylation reaction and an acid in the hydrolysis reaction.
And His119 has a complementary role (Cuchillo et al., 1993; Thompson et al., 1994).
The kcat for overall reaction by RNase was determined to be around 1.4 x 103 sec-1 in a
fluorescence based kinetic assay whereas the hydrolysis rate is around 1000 min-1 at
physiological pH (Herries et al., 1962; Thompson & Raines, 1994).

4

HAIRPIN RIBOZYME

Origin
The hairpin ribozyme is derived from the negative strand of satellite RNA of tobacco
ring spot virus (Buzayan et al., 1986b) and catalyzes a site specific cleavage and ligation
of RNA by a transesterification mechanism (Fedor, 2000). During cleavage by
transesterification, a 2'-OH group attacks the scissile phosphate leading to the formation
of a trigonal-bipyramidal transition state (Fig. 1.4). This is followed by protonation of the
5' group on the sugar leading to the formation of products with 2', 3'-cyclic phosphate and
5'-OH termini. In vivo, the ribozyme is synthesized during the rolling-circle replication of
the satellite RNA and is responsible for cleaving multimeric transcripts to generate unit
length RNA and circularizing each RNA strand by ligation (Fig 1.5) (Prody et al., 1986).

Secondary structure
The secondary structure of the hairpin ribozyme consists of two domains, A and B
(Hampel & Tritz, 1989), each composed of an internal loop flanked by two helices. These
two domains must associate through tertiary interactions ("dock") to form an active
complex (Esteban et al., 1997; Esteban et al., 1998; Walter et al., 1998). In nature, the
two domains are joined as a four-way helical junction, (4WJ) (Buzayan et al., 1986a)
(Fig.1.6) of which only the two domains and a two-way helical junction (2WJ; Fig.1.6)
are required to form a functional minimal hairpin ribozyme (Hampel & Tritz, 1989;
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Hampel et al., 1990). The two domains are also capable of interacting when unconnected
strands are provided separately (Butcher et al., 1995; Hampel et al., 1998).
The length and identity of the nucleotides in helix 1 (H1) can be modified without
affecting the activity so long as base pairing is maintained. The length of helix 1 can be
changed to study cleavage and ligation individually or together (Hampel et al., 1990).
Helix 2 (H2) is less variable. The identity and number of nucleotides affects the rate and
extent of the reaction (Joseph et al., 1993). Helix 3 (H3) needs at least 4 stable base pairs
(Berzal-Herranz et al., 1993; Anderson et al., 1994). Helix 4 (H4) can also be varied in
terms of length and nucleotides but a minimum of three base pairs is required for
catalysis (Berzal-Herranz et al., 1993; Anderson et al., 1994; Butcher & Burke, 1994).
The two loop regions with unpaired bases consist of some of the essential nucleotides
for the catalytic activity of the ribozyme. Early studies generated a number of
observations concerning the importance of various residues, as follows:
Loop A: U+2 is a conserved nucleotide and substitution with any other nucleotide
inhibits catalysis but not the domain docking (Walter et al., 2001). Although U+2 is not
absolutely essential since an abasic+2 can cleave, only U+2 makes the correct and/or
avoids incorrect structural contacts for the complex to cleave optimally. It helps to
correctly orient G8 for catalysis (Sargueil et al., 2003). G+1 is located immediately 3′ to
the cleavage-ligation site and its identity is found to be essential for activity based on
mutational studies (Hampel et al., 1990; Chowrira et al., 1991). Specifically, it is its
exocyclic amino group that is an essential component of the active site. G+1 substituted
with inosine lost all activity, but no loss occurred with 2-amino purine (2AP) (Chowrira
6

et al., 1991). A-1, located 5′ to the cleavage-ligation site and A7 on the substrate binding
strand can tolerate any ribo-nucleotide as seen from various mutational studies (Hampel
et al., 1990; Berzal-Herranz et al., 1993). G8, A9 and A10 are highly conserved
nucleotides, determined by in-vitro selection experiments, cleavage assays (BerzalHerranz et al., 1993) and NAIM (Nucleotide Analog Interference Mapping) analysis
(Ryder & Strobel, 1999). G8 can tolerate a U substitution only with a complementary
C+2 mutation (Sargueil et al., 2003) suggesting a direct interaction between the two
bases. Any modification to the 2′-hydroxyl groups of A10 and G11 significantly inhibits
cleavage, (Chowrira et al., 1993a) docking (Walter et al., 1998) and ligation (Ryder &
Strobel, 1999).
Loop B: A20, A22 and A23 are not conserved (Berzal-Herranz et al., 1993) but
abasic and propyl substitution at A20 resulted in a 50-70 fold drop in catalytic efficiency,
kcat/KM (Schmidt et al., 1996) suggesting that the base may be important structurally in
either providing stacking potential or some non-specific H-bonding. G21 is a strongly
conserved base (Berzal-Herranz et al., 1993) and substitution with deoxy did not affect
the ribozyme activity (Ryder & Strobel, 1999) but propyl linker substitution caused a
drastic loss of activity (Schmidt et al., 1996). This means that the sugar probably plays an
important conformational or structural role. NAIM studies show that the presence of 2amine on the base at A23 and A24 interferes with the ligation reaction (Ryder & Strobel,
1999), while replacement of A24 with 2′-deoxy or 2′-O-methyl nucleosides was
deleterious to ribozyme cleavage. C25 and A38 are both strongly conserved nucleotides
(Berzal-Herranz et al., 1992; Berzal-Herranz et al., 1993) involved in important hydrogen
7

bonding interactions (Rupert & Ferre-D'Amare, 2001; Rupert et al., 2002) at the catalytic
core (Fig. 1.10). Modifications to the base or the 2′ group of sugar of C25 were
deleterious to ribozyme cleavage (Chowrira et al., 1993b; Earnshaw et al., 2000) while
only the 2′-deoxy modifications seemed to interfere in the NAIM based ligation assays
(Ryder & Strobel, 1999). Since abasic, 2′-deoxynucleoside and propyl linker substitutions
at U37 gave 10-16 fold reduction in cleavage activity, both the base and sugar have minor
structural roles in forming the active conformation but unlikely to play a major role in
catalysis (Schmidt et al., 1996). Identity and presence of the base at A38 is more
important than its 2′-OH group for cleavage and ligation (Ryder & Strobel, 1999;
Kuzmin et al., 2005) as observed by abasic studies and NAIM analysis. C39 and A40 are
proposed to merely act as a spacer and not play an important role in folding or catalysis
since they are tolerant to abasic and propyl linker substitution (Schmidt et al., 1996)
although a purine is preferable at position 40 (Anderson et al., 1994; Grasby et al., 1995).
U41 and U42 are highly conserved nucleotides (Berzal-Herranz et al., 1992; Anderson et
al., 1994). Abasic and propyl linker substitutions reduced activity by more than 100-fold
(Schmidt et al., 1996) suggesting a structurally important role. A43 is another nonconserved nucleotide (Anderson et al., 1994; Schmidt et al., 1996) that does not make any
essential base pairs but is required for structural purposes (Grasby et al., 1995).
The naturally occurring hairpin ribozyme sequence exhibited conformational
heterogeneity. The substrate had in-built complementarity because of which it was
observed to migrate as multiple bands on a native gel (Chowrira & Burke, 1991). The
SV5 ribozyme used in our lab and in these studies is an improvement on the wild-type
8

sequence (Butcher et al., 1995). Some of the modifications included a change in the
sequence of helix 2, extension of helix 4 so that it now had 7 base pairs and a rate
enhancing U39C mutation (Joseph et al., 1993). SV5 had similar kinetic properties with
improved docking efficiency enabling us to study the tertiary structure formation using
techniques like FRET and hydroxyl radical footprinting, which was not feasible before.
The greatest challenge while determining the role of a functional group/base in a
reaction is establishing whether it has a structural or a direct catalytic role or both. The
key is to use a combination of assays to study the kinetic behavior, global folding and
tertiary structure that will together help to discriminate between the functional and
catalytic role of a specific group. Analyzing the catalytic rate of a nucleotide substitution
in a 2WJ helps to identify mutations that affect folding and catalysis. A similar
substitution in the background of a FWJ might be rescued if the modification was
affecting docking. The global folding of the complex can be analyzed using native gel
electrophoresis (Hampel & Burke, 2001a) and FRET (Fluorescence resonance energy
transfer) assays (Walter et al., 1998). Higher resolution methods like hydroxyl radical
footprinting (Hampel & Burke, 2001b) and photo-crosslinking (Pinard et al., 2001) can
identify changes at single-nucleotide resolution. This makes it possible to differentiate
effects on docking from direct effects on catalysis.

Tertiary Structure
Catalysis can occur in the hairpin ribozyme only when the two domains dock into a
non-coaxial orientation bringing loops A and B into close proximity as seen in the crystal
9

structure (Rupert & Ferre-D'Amare, 2001)(Fig.1.7). Prior studies had observed a loss in
catalytic activity when H2 (helix 2) and H3 were forced to coaxially stack (Komatsu et
al., 1994). This extended structure was an intermediate in the reaction (Walter et al.,
1998) and certain mutations like G+1A, U42C and A40G that impaired docking, shifted
the equilibrium towards the extended conformation. Catalysis could take place only when
both the domains were present, supporting the existence of specific interdomain tertiary
interactions (Butcher et al., 1995). These tertiary interactions cause a sharp bend at the
H2-H3 junction (Fig. 1.7). An unpaired nucleotide, A50 at the 3′ end of 3′Rz in a 2WJ
helps prevent coaxial stacking of helices 2 and3 and provides the necessary flexibility for
the assembly (Walter et al., 1998). Further support for domain docking was provided
when activity was retained in ribozymes with interdomain cross-links (Earnshaw et al.,
1997; Pinard et al., 1999a). FRET studies with donor and acceptor fluorophores
covalently attached to the ends of helices had shown that the distance between the two
domains decreases during catalysis (Fig. 1.8) (Murchie et al., 1998; Walter et al., 1998;
Walter et al., 1999). Energy minimization modeling studies had proposed a G+1·C25
interdomain base pair that was confirmed with compensatory base substitutions (Pinard et
al., 1999b) and later seen in the crystal structure as well (Rupert & Ferre-D'Amare,
2001).
The three-dimensional crystal structure of the hairpin ribozyme has been solved by
two laboratories; one used the naturally-occurring four-way junction ribozyme fused to a
binding site for U1A protein and co-crystallized it with the protein (Rupert & FerreD'Amare, 2001; Rupert et al., 2002) while the other used two protein–free constructs
10

consisting of the minimal ribozyme-substrate complex (Salter et al., 2006; Torelli et al.,
2007). All the structures had similar active site conformations. When the NMR structures
of the isolated domains A and B (Cai & Tinoco, 1996; Butcher et al., 1999) were
compared with the crystal structures (Ferre-D'Amare, 2004), it was evident that major
conformational changes take place during the association of the two domains consisting
of rearrangement of the internal loops and a closer packing of the domains. Out of the
seven non-canonical base pairs in domain B observed by NMR only two are seen in the
docked structure whereas in domain A, three non-canonical base pairs are observed in the
crystal structure that were absent in the NMR structure (Ferre-D'Amare, 2004).
During docking both the domains undergo specific structural changes: U+2 and G+1
unstack (Walter et al., 2001) and G+1 (substrate strand) flips out from its position and
makes a watson-crick base pair with C25 (loop B) which helps to position the 5′ oxygen
of G+1 for cleavage by an SN2 mechanism. G21-U42, a ground state crosslink observed
in loop B that is lost during the docking process, (Hampel & Burke, 2001a) is not
observed in the crystal structure. In the docked complex G8 is stacked on A-1 (Pinard et
al., 2001) helping to align the Watson-Crick face of G8 close to the attacking 2′OH. All
the nucleotides that were observed to be protected from hydroxyl radical attack (Hampel
et al., 1998) were completely buried in the crystal structure. The conclusions drawn from
biochemical data are consistent with the interactions seen in the crystal structure,
signifying that the crystal structure does indeed represent the active conformation of the
Rz-S complex.
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The nature of the interdomain junction is a major determinant in folding and the
stability of the tertiary structure in the hairpin Rz-S complex (Esteban et al., 1998;
Murchie et al., 1998; Klostermeier & Millar, 2000). Time-resolved FRET studies have
determined that in the 2WJ, ~65% of the population is in the docked conformation
whereas the fraction shifts to ~95 % in the 4WJ (four-way junction) (Walter et al., 1999).
The 4WJ can compensate to an extent for losses in loop A – loop B tertiary interactions:
G+1A mutant in the 2WJ displays no folding but in the 4WJ, ~40 % of the molecules are
docked. Similarly collapsed internal loops and ribozyme without the substrate strand
displayed ~35% and ~23% docked complex respectively, in the background of the 4WJ.
Recently single molecule fluorescence methods have been used to dissect each step of the
reaction pathway (Nahas et al., 2004; Liu et al., 2007). It was found that for a 2WJ
ribozyme, ligation was much faster than undocking of the ribozyme-product complex, so
the cleavage and ligation reactions had to reach an equilibrium before undocking
occurred. This made docking-undocking and reversible chemistry, the rate-limiting steps
for the 2WJ ribozyme. Thus one should keep in mind that nucleotides that have a
structural role can be easily missed in a 4WJ but can be detected in the 2WJ.

Role of metal ions
The hairpin ribozyme can carry out cleavage and ligation reactions under varied ionic
conditions. Reactions can occur in high concentrations (>1M) of monovalent ions
(Murray et al., 1998), moderate concentrations of divalent ions like Mg2+ (Chowrira et
al., 1993a) and low concentrations (~1mM) of cobalthexaamine (Hampel & Cowan,
12

1997). Cobalt hexaamine has a stably coordinated ligand shell and hence cannot make
any inner-sphere contacts with ions or any component of RNA (Hampel & Cowan, 1997;
Nesbitt et al., 1997) suggesting that catalysis in the hairpin ribozyme does not require any
direct metal ion coordination. In the absence of metal ions, the Rz-S complex adopts an
extended conformation (Murchie et al., 1998) and docking occurs only in the presence of
ions. The 4WJ Rz-S complex (better docking efficiency) has a higher fraction of docked
molecules (~90%) at physiological Mg2+ (1-2 mM) concentration compared to the 2WJ
complex (~20%). The requirement for higher concentrations of metal ions to fold the
2WJ versus the 4WJ (Walter et al., 1999) and the lack of metal ions in the active site of
the crystal structure (Rupert & Ferre-D'Amare, 2001) suggested that the fundamental role
of the cations may be to support folding of the Rz-S complex into the active
conformation rather than participate directly in the reaction chemistry (Murray et al.,
1998; Walter & Burke, 1998).

Catalytic Mechanism
The hairpin ribozyme carries out reversible phosphodiester cleavage by an SN2 type
in-line mechanism (Fig. 1.4). The ribozyme can use multiple strategies to increase its
reaction rate compared to the uncatalyzed reaction. This includes positioning the reactive
groups in an optimal alignment; general acid-base catalysis of proton transfer to activate
nucleophilic oxygens or to stabilize oxyanion leaving groups; electrostatic catalysis
through stabilization of negative charge that accumulates in the transition state; or
destabilization of the ground state (Knowles, 1980). Since metal ions do not participate
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directly in the reaction chemistry all the functional groups required to carry out the
general acid-base catalysis are present within the RNA itself.
The crystal structures show that the active site is composed of G8, A38, C25, A9 and
A10 plus the substrate nucleotides at the reaction sites, G+1 and A-1 (Fig. 1.10) (BerzalHerranz et al., 1993; Rupert & Ferre-D'Amare, 2001; Salter et al., 2006; Torelli et al.,
2007). G8 and A38 are proposed to be directly involved in the reaction chemistry (Fedor,
2000; Pinard et al., 2001; Rupert & Ferre-D'Amare, 2001). G8 and A38 were identified
as essential nucleotides through in vitro selection experiments (Berzal-Herranz et al.,
1992; Joseph et al., 1993; Sargueil et al., 2003) and NAIM analysis (Ryder & Strobel,
1999). Cross-linking studies suggested that G8 was stacked on A-1 and A38 on G+1
(Pinard et al., 2001) which was confirmed by the crystal structure (Rupert & FerreD'Amare, 2001). Nucleobase substitution studies at G8 and A38 supported their
involvement in the general acid-base chemistry (Pinard et al., 2001) (Chan et al.
unpublished data). The cleavage rate-pH profile which is dependent on the pKAs of the
nucleotides acting as the general acid and base was observed to shift in accordance with
the pKA of the nucleotides substituted at G8 and A38. Abasic substitutions in the
background of a FWJ ribozyme gave the same pH-rate profile with 500- and 750- fold
reduced rates with abasic A38 and abasic G8 respectively. This led to the hypothesis that
G8 and A38 provide electrostatic stabilization to the transition state (Lebruska et al.,
2002; Kuzmin et al., 2004; Kuzmin et al., 2005).
The hairpin ribozymes show a shallow, bell-shaped pH-rate profile for cleavage and
ligation (Fig 1.11) consistent with the ionization of two functional groups, one with a
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high pKA (like guanosine, unperturbed N1 pKA = 9.2) and other with a low pKA (like
adenosine, unperturbed N1 pKA = 3.5). The observed pH independence is primarily
because the increase in the functional form of the base is offset by the decrease in
functional form of the acid (Bevilacqua, 2003). For the cleavage reaction the general acid
and base are proposed to be protonated A38 N1 and deprotonated G8 N1, respectively.
Conversely for the ligation reaction, A38 and G8, in their natural forms can effectively
serve as the general base and the general acid respectively. This could explain why the
reaction equilibrium in the hairpin ribozyme is shifted towards ligation, which is
approximately 10 times faster than the cleavage reaction (Hegg & Fedor, 1995; Esteban
et al., 1997; Fedor, 1999).
Although the ligation chemistry is faster than cleavage, fewer studies have focused
their attention on ligation primarily due to the technical challenges involved in docking
the cleavage products because of which there isn’t a detailed study of nucleotides
essential for ligation. A role for most of the residues located in the active site has been
suggested, which is supported by their orientation/location in the crystal structure, except
for A9 and A10. These two residues are not seen to make any essential interactions in the
crystal structure (Rupert & Ferre-D'Amare, 2001) but their close proximity to the scissile
phosphate and their importance based on biochemical experiments makes their exact role
in catalysis unclear. Phosphorothioate (αS) substitutions at A9 and A10 led to reduction
in the cleavage activity (Chowrira & Burke, 1992). Similarly NAIM studies observed
interference/ reduction in ligation activity when a range of phosphorothioate residues
were substituted at positions A9 and A10, suggesting a role for the N6 amine of A9
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(Ryder & Strobel, 1999) and involvement of A10 in an important ionization event (Ryder
et al., 2001). Contrary to the ionization hypothesis, it was observed that the pKA derived
from the pH-cleavage rate profile of A10 and abasic10 ribozyme were not different
(Kuzmin et al., 2004). The recent crystal structures (Salter et al., 2006; Torelli et al.,
2007) have many ordered water molecules in the active site (Fig. 1.12, 1.13). The authors
propose water-mediated interactions between the exocyclic amino group and the N1 of
A10 with A38, and also interactions of the N1 of A9 with the exocyclic amino group of
G+1 through water molecules. Two water molecules were located near the non-bridging
positions of the oxyphosphorane, suggesting their involvement in the electrostatic
stabilization of the transition state (Fig. 1.13) (Torelli et al., 2007). This reveals that it is
difficult to biochemically confirm the exact roles of the nucleotides that are making
essential interactions through water. Preliminary studies in our lab had observed that an
A9/G substitution did not affect cleavage but the products ligated very poorly, suggesting
that certain nucleotides might be important either for cleavage or for ligation. A9 and
A10 were primarily used in this study because these conserved nucleotides are present in
the active site and are important for catalysis but do not have a defined function yet.

HAMMERHEAD RIBOZYME

Origin
The hammerhead ribozyme is a small catalytic RNA that is found in a number of
organisms like the satellite RNA of viruses (Hutchins et al., 1986; Prody et al., 1986;
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Forster & Symons, 1987b), schistosomes (Chartrand et al., 1995; Ferbeyre et al., 1998),
cave crickets (Rojas et al., 2000) and caudate amphibians (Zhang & Epstein, 1996). The
hammerhead ribozyme was first identified in the satellite RNA of the Tobacco ringspot
virus (Prody et al., 1986; Forster & Symons, 1987b) and then discovered in the other
organisms.
Like the hairpin ribozyme, it catalyzes a reversible transesterification reaction leading
to the formation of two products during cleavage: with 2′, 3′- cyclic phosphate and 5′hydroxyl termini as shown in Fig. 1.4 (Buzayan et al., 1986b; Forster & Symons, 1987b;
Uhlenbeck, 1995). In viroids it is involved in the rolling circle replication (Buzayan et al.,
1986a; Hutchins et al., 1986; Prody et al., 1986; Symons, 1997) but its function in
schistosomes has not been identified yet.

Secondary Structure
The hammerhead ribozymes were initially found in the ~350-nucleotide long satellite
RNAs of many viruses. A study of truncated versions of the RNA was carried out to
determine the minimal sequence required to carry out cleavage (Buzayan et al., 1986a).
Once the minimal sequence for a functional hammerhead ribozyme was identified
(Forster & Symons, 1987b; Haseloff & Gerlach, 1989; Ruffner et al., 1989), most of the
studies were done in the minimal construct. This construct is made up of a 15 nucleotide,
conserved core with three helical stems radiating from the 3-way junction (Fig. 1.14). All
the laboratories working with the hammerhead use a construct that has the conserved core
but the sequences in the peripheral domains differ, leading to kinetic variations. Although
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numerous studies have been carried out in the minimal ribozyme, it was found that the
naturally occurring ribozyme functions more efficiently (Bassi et al., 1997; Penedo et al.,
2004) than the truncated version (De la Pena et al., 2003; Khvorova et al., 2003). The
native construct contains the 15 nucleotide, conserved core along with an internal and
hairpin loop incorporated in an elongated helix 1 and 2, respectively (Fig. 1.14). The
core residues, common to both the constructs are highly conserved. Mutational studies in
the minimal ribozyme show that changing the core residues results in a tremendous loss
of cleavage activity (Ruffner et al., 1990). It was found that catalytically essential
functional groups do not necessarily reside only near the cleavage site. They are
distributed through out the catalytic core, but not all functional groups in the core are
essential for activity. An extensive comparison of all the existing literature was compiled
in a review that reported 21 essential functional groups in domain 2 distal to the cleavage
site and 13 in domain 1 nearer to the cleavage site (Fig. 1.15) (Blount & Uhlenbeck,
2005). Only four 2′- hydroxyl groups were found to be essential for cleavage: those of
G5, G8, C16.1 and C17. Phosphorothioate substitution studies identified four
catalytically important phosphate oxygens which were located 5′ to X1.1, A9, A13 and
A14 (Ruffner & Uhlenbeck, 1990; Peracchi et al., 1997). Only the nucleotide at position
7 in the core was found to have no preference for any specific functional group (Ruffner
et al., 1990). The sequence requirement in the helices is not as stringent so long as base
pairing is maintained. For efficient cleavage with the help of loop – loop interactions,
stems I and II should contain 5-7 and 4-5 nucleotides respectively (De la Pena et al.,
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2003; Khvorova et al., 2003). At least four base pairs in helix III are required for full
cleavage activity (Hertel et al., 1997; Canny et al., 2007).
In nature the ribozyme exits as a single strand but careful studies have led to the
development of bimolecular systems in which it has been split into a ribozyme (Rz)
strand and a substrate (S) strand (Uhlenbeck, 1987; Haseloff & Gerlach, 1988) as shown
in the Fig. 1.14 The substrate strand contains the scissile phosphate between nucleotides
C17 and 1.1, denoted with an arrow in the figures.

Folding
The ribozyme catalysis involves three primary steps: association of the S and Rz
strand; chemical catalytic reaction and dissociation of the products. Once the ribozyme
and the substrate strands are bound, the complex has to fold into an active conformation.
In the absence or low concentration of divalent metal ions, the structure of the minimal
hammerhead is extended with the helices spread out, but upon addition of Mg2+ (1015µM) or other divalent ions like Ca2+ and Mn2+ (Dahm & Uhlenbeck, 1991), the RNA
folds into a Y-shaped structure with helix II coaxially stacked on III and helices I and II
close to each other, as seen in the crystal structures of the minimal hammerhead (Fig.
1.17) (Pley et al., 1994; Scott et al., 1995). This was also determined by comparative gel
electrophoresis (Bassi et al., 1995), transient electric birefringence experiments (Amiri &
Hagerman, 1994), FRET (Bassi et al., 1997), NMR (Heus & Pardi, 1991; Simorre et al.,
1997; Simorre et al., 1998; Bondensgaard et al., 2002) and calorimetry (Hammann &
Lilley, 2002).
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The two-stage folding of the ribozyme-substrate (Rz-S) complex can be controlled by
the nucleotide sequence in the core. Single site mutations were found that individually
inhibit each of the stages. An A14G mutation, located between helix II and III prevents
folding entirely in the minimal hammerhead. Changing G5 to deoxy-G or cytidine
inhibits the formation of domain 1 i.e. helices II and III coaxially stack (domain 2) but
helix I remains closer to helix III (Bassi et al., 1995; Bassi et al., 1996).
Since 2003, most of the hammerhead studies have focused on using the natural
constructs with interacting loops in helices I and II. Faster kinetics and lower Mg
requirement in the natural hammerhead ribozyme is primarily due to the loop-loop
tertiary interaction that can stabilize the correct folding of the catalytic core. FRET
studies in the hammerhead from S. mansoni have shown that in the presence of loops, the
folding occurs in a single step in the µM range of magnesium ions. Ribozymes without
loops in the presence of Mg2+ and those with loops in the presence of Na+ ions fold in 2
steps (Penedo et al., 2004) as was previously seen for the minimal ribozyme.
Recently folding is being studied by incorporating pyrrolo-C (a fluorescent analog of
the nucleotide cytidine) at various positions in the hammerhead ribozyme. Pyrrolo-C
retains its Watson-Crick base pairing capacity with G (Tinsley & Walter, 2006) and gets
differentially quenched when it is base paired or stacked (Buskiewicz et al. unpublished
data). Studies show that loops fold faster than the core and that maximal folding of the
loops is achieved at lower Mg2+ concentrations than that of the core (Fig. 1.16). The core
folding is highly pH dependent, whereas the loop folding is not.
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Tertiary Structure and functional correlation
Some of the earliest crystal structures of the hammerhead ribozyme were those of the
minimal construct either as RNA: DNA hybrid (Pley et al., 1994) or an all-RNA
construct with a non-cleavable substrate (2′-O-methyl at C17) (Scott et al., 1995).
Although both the structures used different sequences and space groups, the overall shape
of the structures was almost the same. Helices II and III were stacked on each other
forming domain 2 while the helix I and U-turn formed domain 1 (Fig. 1.17).
Unfortunately, these structures did not represent the active conformation. This was based
on the increasing amount of biochemical data, all of which was not in agreement with the
interactions seen in the crystal structures of the minimal hammerhead ribozyme (Pley et
al., 1994; Scott et al., 1995) (PDB ID: 1HMH, 1MME). In 2006, a three-dimensional
structure of the natural hammerhead ribozyme was obtained (Fig. 1.18) which was in
strong agreement with the biochemical data (Martick & Scott, 2006). In the crystal
structure of the natural hammerhead ribozyme the terminal loop in helix II forms noncanonical interhelical base pairs with the internal loop in helix I.
In the minimal structure, the 2′-OH group (attacking nucleophile) of C17 was not
positioned correctly for an in-line attack on the scissile phosphate as seen in Fig. 1.19.
This is a very crucial interaction, since it was known that during the reaction,
configuration of the scissile phosphate is inverted (van Tol et al., 1990; Slim & Gait,
1991). In the new crystal structure, stem II twists towards the helix I in such a way that it
brings G12, A13 and A14 close to C17 to position it for an in-line attack. The 2′- oxygen
is within 3Å of the scissile phosphate and within 17° of perfect in-line geometry.
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Hydroxyl radical footprinting assays had observed higher protections of the core
residues near the cleavage site than what was seen in the crystal structure (Hampel &
Burke, 2003). Similarly cross-linking studies suggested a closer proximity between the
helices I and II (Bravo et al., 1999; Heckman et al., 2005). Both these observations are
clarified in the new crystal structure.
Simultaneous phosphorothioate substitutions at A9 and the scissile phosphate showed
a decreased cleavage activity in Mg2+, which was rescued by a single bridging soft metal
ion Cd2+ (Wang et al., 1999). In the older structures the two phosphates were ~20Å apart
but in the recent structure they are within 4Å of one another and have the potential to
bind to a single divalent metal ion without much rearrangement.
NMR (Simorre et al., 1997) and cross-linking studies (Heckman et al., 2005) had
suggested that U4 and U7 were closer than what was seen in the minimal hammerhead
crystal structure. In the full-length ribozyme structure, the U4 is rotated such that U7 can
stack beneath C3, bringing U4 and U7 within cross-linking distance but they do not
hydrogen bond to each other.
C3, G5, G8 and G12 are conserved residues in the core which when modified inhibit
cleavage (Blount & Uhlenbeck, 2005). Mutational studies with 2, 6, diaminopurine
substitution at positions 8 and 12 implicate a direct role for them in the general acid-base
catalysis (Han & Burke, 2005). 2′ - OH of G5 is crucial for catalysis in the minimal
ribozyme (Bassi et al., 1995; Bassi et al., 1996). These nucleotides are not seen to be
making any essential interactions in the old crystal structures (Fig. 1.19). On the contrary,
the crystal structure of the natural hammerhead shows that G8 and C3 are involved in a
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Watson-Crick base pair. G5 is part of a hydrogen-bonding network that forms a binding
pocket to properly position C17. 2′-OH of G8 is within hydrogen bonding distance of 5′oxygen leaving group and N1 of G12 is close enough to 2′-oxygen of C17 so that they
can act as the general acid and general base respectively.
The crystal structure (PDB ID: 2GOZ) has helped to resolve most of the
discrepancies that existed between biochemical data and what was seen in the crystal
structure of the minimal hammerhead except for the location of the divalent metal ions.
No Mg2+ ion was found at the active site probably due to an excess of monovalent ions
(1M NH4+) used during crystallization. In 2007, another structure of the natural
hammerhead ribozyme (PDB ID 2OEU) was released (Martick & Scott, 2006) that has 5
Mn2+ ions spread out through the RNA. One of them is even located close to A9
phosphate. So far only the structure has been released, a detailed analysis of the structure
(when published) will provide more insights into the role of metal ions in catalysis of the
hammerhead ribozyme.

Catalytic Mechanism
Catalysis in small ribozymes like the hammerhead occurs via reversible
transesterification in which a 2′- OH groups that gets deprotonated by a base, acts as a
nucleophile and attacks the scissile phosphate (Dahm & Uhlenbeck, 1990). A
pentacoordinated transition state is formed (van Tol et al., 1990; Koizumi & Ohtsuka,
1991; Slim & Gait, 1991) after which the bond between 5′-oxygen and scissile phosphate
is broken followed by donation of a proton by an acid. At the end of the cleavage
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reaction, two products are formed - one with a 2′, 3′-cyclic phosphate and other with 5′OH termini (Fig. 1.4). Since the scissile phosphate remains a phosphodiester, the
products can undergo ligation, which in principle would be the microscopic reversal of
the cleavage reaction.
Spontaneous cleavage of RNA in physiologically relevant conditions typically occurs
at ~10-7 min-1 (Li & Breaker, 1999). The cleavage rate in the minimal hammerhead is
~106 times faster than the uncatalyzed reaction with kcleavage = 1 min-1 (Fedor &
Uhlenbeck, 1992; Hertel et al., 1997; Tang & Breaker, 1997). The cleavage rate increases
by another 50-100 fold in the presence of the peripheral domains (Nelson & Uhlenbeck,
2006). The reverse reaction in the minimal hammerhead ribozyme under most conditions,
is at least 100-fold slower than the cleavage rate (kligation=0.008 min-1) (Hertel et al.,
1994). Hammerhead ribozyme derived from satellite RNA of tobacco ringspot virus,
capable of the loop-loop interaction shows ~20-fold faster cleavage rate and ~1300-fold
faster ligation rate in 10mM MgCl2 compared to the minimal ribozyme (Nelson et al.,
2005). The internal equilibrium is still shifted towards cleavage but the values are shifted
considerably towards ligation: Kinteq = 130 for minimal ribozyme; Kinteq = 7.3 for
extended hammerhead ribozyme from sTRSV (Hertel et al., 1994; Nelson et al., 2005).
The difference between the cleavage and ligation rate reduces drastically in the native
hammerhead derived from S. mansoni (kcleavage = 50 min-1; kligation = 26 min-1) (Canny et
al., 2004; Canny et al., 2007) which has been used in this study.
The ribozymes can use multiple strategies to achieve high reaction rates viz. (i)
deprotonation of 2′-hydroxyl group (base catalysis) (ii) neutralization of negative charge
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on nonbridging phosphate oxygen (transition state stabilization) (iii) protonation of 5′oxygen (acid catalysis) (iv) geometric alignment for in-line nucleophilic attack (Emilsson
et al., 2003). The hammerhead ribozyme could be utilizing a combination of few of these
strategies or all of them to varying extents. Numerous experiments categorized the
hammerhead ribozyme as a metallo-enzyme implicating a direct role for a metal ion in
catalysis. A metal hydroxide can be involved directly in the rate-limiting step or it could
bind to and lower the pKA of an ionizable group on RNA (Dahm et al., 1993; Takagi et
al., 2001). Phosphorothioate studies supported a direct role for metal in catalysis (Dahm
& Uhlenbeck, 1991; Slim & Gait, 1991; Scott & Uhlenbeck, 1999).
Studies that followed show that the presence of divalent ions is not necessary for
catalysis in the hammerhead ribozyme (Murray et al., 1998; Curtis & Bartel, 2001;
O'Rear et al., 2001). Cleavage rates equal to or higher than that obtained with Mg2+ can
be achieved with very high concentrations of monovalent ions or cobalt (III) hexamine in
minimal and extended hammerheads (Murray et al., 1998; Roychowdhury-Saha & Burke,
2006). This implied that all the functional groups required for catalysis are present within
the RNA itself. Even in the crystal structure of the full-length hammerhead that was
crystallized in the presence of 1M NH4+ and 1mM Mg2+ the divalent metal could not be
seen (Martick & Scott, 2006). These observations were in accordance with the hypothesis
that divalent metal ions do not play a critical role in hammerhead catalysis and they
probably stabilize the ribozyme through non-specific interactions.
There is a possibility that Mg2+ ions were not seen in the crystal structure (PDB ID
2GOZ) because of competitive binding of NH4+ ions. It need not imply that a divalent ion
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is not essential for catalysis. Divalent ions can influence the reaction through long-range
electrostatic effects (Sigel & Pyle, 2007). In fact cleavage activity of the native
hammerhead derived from S.mansoni, with phosphorothioate substitutions (mixture of RP
and SP) at the cleavage site and 5′ to A9 was rescued with Cd2+ (Osborne et al., 2005)
suggesting the presence of putative metal binding sites. Another crystal structure of the
full-length hammerhead has been solved with 10mM Mn2+ (PDB ID 2OUE) (Martick &
Scott, unpublished) in which 5 Mn2+ ions are located all through-out the RNA (Fig. 1.20).
One metal ion is located close to A9/G10.1 while another is near A14. This re-establishes
the importance of divalent metal ions in hammerhead ribozyme catalysis.
Another aspect of catalysis is identification of the general acid and general base in the
reaction. Data from our lab proposed the involvement of G8 and G12 in the general acidbase chemistry (Han & Burke, 2005). It was observed that 2, 6, diaminopurine (DAP)
substitutions only at 8 and 12 positions shifted the cleavage-pH profile corresponding to
the difference in the N1 pKA of guanosine (N1 pKA = 9.6) and DAP (N1 pKA = 5.1) (Fig.
1.21). This proposition was strengthened by the close proximity of these residues to the
scissile phosphate in the full-length crystal structure (2GOZ) (Fig. 1.19). The only
problem was that in the structure G8 is involved in a Watson-Crick base pair with C3,
making it impossible for the N1 proton to act as the general acid in the reaction unless the
base pair is broken and G8 reorients itself during the transition state. In the crystal
structure, since the 2′- OH group of G8 is within hydrogen bonding distance (distance) to
the 5′- oxygen, it was proposed to be the general acid. Hammerhead ribozymes derived
from S.mansoni, Peach latent mosaic viroid (PLMVd) and Arabidopsis thaliana (AT)
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have confirmed the existence and necessity of the G8·C3 base pair (Martick & Scott,
2006; Przybilski & Hammann, 2007a). In fact it has been shown that the bases at
positions 8 and 3 can pair with bases at 13 and 17 respectively to form the inactive
conformation (Nelson & Uhlenbeck, 2007). Based on our previous experience with the
hairpin ribozyme, it was possible that the G8·C3 base pair had an equal or a more
important role in structural orientation for the ligation reaction. Due to the extremely
slow ligation rates and small extents of the reaction, relatively fewer studies had probed
into the ligation kinetics in the minimal hammerhead ribozyme (Hertel et al., 1994;
Hertel & Uhlenbeck, 1995). Improved ligation efficiency in the native ribozyme has
made it practical to study ligation under different reaction conditions. It is now possible
to identify whether a particular nucleotide is required for folding the ribozyme-products
complex or for carrying out ligation chemistry. The second half of this dissertation deals
with detailed analysis of the G8·C3 base pair and its effect on cleavage versus ligation
rate profiles and global versus local tertiary folding.
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Table 1.1 Classification of some naturally occurring ribozymes
Ribozyme

Size
(nt)

Biological source

Self-cleaving ribozymes

Transesterification

Hairpin ribozyme

70

Hammerhead ribozyme

65

Hepatitis delta virus
ribozyme
VS ribozyme
glmS

Plant viroids & satellite
RNAs
Plant viroids and satellite
RNAs, eukaryotes

Group II introns

2′, 3′ -cyclic phosphate

Human satellite virus

2′, 3′ -cyclic phosphate

155
170

Neurospora mitochondria
Gram positive bacteria

2′, 3′ -cyclic phosphate
2′, 3′ -cyclic phosphate

300

Eukaryotes (nucleus &
organelles), Prokaryotes

Hydrolysis
3′ OH
Transesterification

Splicing ribozymes
Group I introns

2′, 3′ -cyclic phosphate

90

Trans-cleaving ribozyme
RNase P

Reaction catalyzed
(products)

200 - Eukaryotes, prokaryotes,
1500 bacteriophages
Eukaryotes (organelles),
500
Prokaryotes

3′ OH
3′ OH

Riboswitches
35 200

Bacteria

Ribosomal RNAs

2600

Eukaryotes, Prokaryotes

Spliceosomal RNAs

180,
100

Eukaryotes

TPP, FMN, SAM

Transesterification

Others
Peptidyl transfer
(peptide bond)
Trans-splicing
transesterification (3′
OH)

Adapted from (Doudna & Cech, 2002; Walter & Engelke, 2002; Serganov & Patel,
2007).
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Figure 1. 1 Reactions catalyzed by ribozymes
Naturally occurring ribozymes can catalyze reactions by general acid-base chemistry
(denoted as A: or B:). (A) Self-cleaving ribozymes including the hairpin, hammerhead,
hepatitis delta virus (HDV), Neurospora VS, and RnaseP RNAs use the 2′ hydroxyl
group of the adjacent sugar acts as the attacking nucleophile. Catalysis leads to the
formation of products with 2′, 3′-cyclic phosphate and 5′-OH termini. (B) Group I and
Group II introns, catalyze attack of an extrinsic nucleophile, here shown as a guanosine,
at a specific phosphodiester bond.(C) The ribosome has been proposed to contain an allRNA active site for peptidyl transfer. Adapted from (DeRose, 2002).
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Figure 1. 2 Putative mechanism of catalysis in Ribonuclease A
Transphosphorylation reaction (top) and hydrolysis (bottom) are catalyzed by
Ribonuclease A. In the figure, A represents His12 and A is His119. Adapted from
(Raines, 1998).
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Figure 1. 3 Active site of ribonuclease A bound to uridine 2′, 3′-cyclic vanadate
Residues His12 is positioned to act as the general base to abstract a proton from the 2′oxygen of a substrate molecule while His119 is correctly positioned to be the general acid
as shown by the arrows. Lys41 provides charge stabilization to the transition state.
Phe120 and Gln11 play minor roles in catalysis. PDB ID 1RUV. Adapted from (Raines,
1998).
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Figure 1. 4 Transesterification reaction
Cleavage and ligation in the hairpin and hammerhead ribozymes occur by
transesterification reaction. 2′- OH group of (N-1) i.e. A-1 (hairpin) / C17 (hammerhead)
acts as the attacking nucleophile while 5′ oxygen of G+1/C1.1 is the leaving group.
Cleavage leads to the formation of two products, one with a 2′, 3′-cyclic phosphate end
and other with a 5′ -OH.
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Figure 1. 5 Rolling circle replication used by satellite RNA
Rolling circle replication mechanism used by the satellite RNA of tobacco ringspot virus.
Hairpin ribozyme is found in the negative strand while the positive strand contains the
hammerhead ribozyme.
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Figure 1. 6 Secondary structure of the Hairpin ribozyme
Secondary structure of SV5 hairpin ribozyme in the background of a two-way junction
,2WJ (left) and a four-way junction, (4WJ). The two domains are marked as A and B
each comprising of two helices (H) and an internal loop. Cleavage site is indicated with
an arrow. Ribozyme strand is labeled 5′ Rz and substrate, S.
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Figure 1. 7 Crystal structure of hairpin ribozyme
Tertiary structure of the naturally occurring four-way junction ribozyme with 2′-Omethyl group modification at the cleavage site (yellow). Color-coding is as follows: Stem
B (red), substrate strand (light blue) and substrate binding strand (dark blue). Purple and
grey helices are part of the H5 and H6. Silver region denotes the U1A protein and the
protein binding RNA section. PDB ID: 1M5K (Rupert & Ferre-D'Amare, 2001).

36

Figure 1. 8 Schematic representation of kinetic mechanism in hairpin ribozyme
Substrate (S) binds to the ribozyme (Rz) in trans, forming an extended conformation.
This structure then folds into a docked structure allowing loops A and B to interact. Once
cleavage occurs the complex unfolds into the extended conformation followed by the
dissociation of the products. The reverse happens during the ligation reaction. Adapted
from (Walter et al., 1998).
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Figure 1. 9 Kinetic mechanism in hairpin and hammerhead ribozyme
Ribozyme (Rz) and substrate (S) strands bind to each other and then dock. The active
conformation represented by an asterisk (*) undergoes cleavage and the complex now has
products (3′ product and 5′ product) instead of S. The complex undocks to release the
products. These steps occur in reverse during the ligation reaction.

38

Figure 1. 10 Active site of the hairpin ribozyme
The crystal structure of the hairpin ribozyme shows that the active site is composed of
G8, A38, C25, A9 and A10 along with the cleavage site nucleotides, G+1 and A-1. Taken
from crystal structure 1M5K (Rupert & Ferre-D'Amare, 2001).
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Figure 1. 11 pH- rate profile of the hairpin ribozyme
Fraction of the functional form of the acid (red) and base (blue) are shown in the top
panel over a pH range. The shaded region between pH 5-9 corresponds to the
experimentally accessible range.

Considering protonated A38 (pKA = ~6) and

deprotonated G8 (pKA = ~10) as the general acid and base for the cleavage reaction, the
observed cleavage rates between pH 5-9 follows the profile of the fraction of ribozyme in
the functional form, shown in green. The general acid and base are reversed for the
ligation and although the ligation profile over the pH range is similar to that of cleavage,
the fraction of ribozyme in the functional form is higher since the acid and base are
functional in their natural forms. Figure adapted from (Lilley, 2005) based on analysis by
(Bevilacqua, 2003).
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Figure 1. 12 Stereoview of the hairpin ribozyme active site
Active site depicting water molecules (W) interacting directly or indirectly with all the
bases in the catalytic core: G+1, A9, A10 and A38. Exocyclic amine group of A9 and
A38 interact via W52. N1 (A9) interacts with 2-amine (G+1) via W86. A10 also makes
many water mediated interactions with A38. Adapted from (Salter et al., 2006).
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Figure 1. 13 Schematic representation of active site with various hairpin ribozyme
structures
Hairpin ribozyme crystallized with mimics of the cleavage products (PMC), vanadate
(VC) and 2′, 5′-phosphodiester (Torelli et al., 2007). Each panel represents a schematic
diagram of the active site in a particular structure. Most of the interactions are maintained
in all the structures except that VC and 2′, 5′-phosphodiester show more potential
interactions with the non-bridging oxygen atoms of the scissile phosphate. Panel on the
top-right is the predicted orientation of two water molecules, W5 and W7 based on VC.
Adapted from (Torelli et al., 2007).

42

Figure 1. 14 Secondary structure of a minimal and extended hammerhead ribozyme.
Minimal hammerhead is HH16 (left) and native hammerhead is derived from S.mansoni
(right). Ribozyme (Rz) is shown in black and substrate (S) strand is green. Cleavage site
is denoted with an arrow and nucleotides in bold are part of the conserved catalytic core.
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Figure 1. 15 Catalytically essential functional groups in hammerhead ribozyme
Representation of the catalytic core of the hammerhead ribozyme depicting the
catalytically essential functional groups. Adapted from (Blount & Uhlenbeck, 2005)
review
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B

Figure 1. 16 Folding of loops and core of the extended hammerhead ribozyme
Pyrrolo C is used as a fluorescent probe placed at different positions in the ribozyme or
substrate as shown in figure to study folding of loops (C1.9 and C1.1) and core (C7 and
C3). (A) Mg dependent folding shows that at all magnesium concentrations the loops
folding faster than the core. (B) pH dependent folding shows that the rate of folding of
loops remains same at all pH but the rate of core folding varies with pH. (Buskiewicz et
al. unpublished)
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Figure 1. 17 Secondary and tertiary structure of minimal hammerhead ribozyme
Minimal hammerhead ribozyme crystallized with 2′-O-Methyl C17 at active site to
prevent cleavage. It makes a Y-shaped conformation with helices II and III coaxially
stacked and helix I is closer to helix II. The strands are color coded and the cleavage site
is marked with an arrow. Coordinates taken from 1MME (PDB ID) (Scott et al., 1995).
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Figure 1. 18 Secondary and tertiary structure of extended hammerhead ribozyme
Native hammerhead ribozyme crystallized with 2′-O-Methyl C17 at active site to prevent
cleavage. The three stems form junction similar to that seen in the minimal structure. The
internal loop in stem I stacks against stem II. The strands are color coded and the
cleavage site is marked with an arrow. Coordinates taken from 2GOZ (PDB ID) (Martick
& Scott, 2006).
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Figure 1. 19 Cleavage site in minimal and native hammerhead ribozyme
The catalytic core surrounds the cleavage site between residues C17 and 1.1. Other
residues located in the vicinity differ between the two crystal structures. (A) In the
minimal hammerhead ribozyme structure the attacking nucleophile, scissile phosphate
and leaving group are not aligned correctly for an SN2 reaction whereas (B) in the
extended hammerhead the scissile bond is splayed apart and positions of other
nucleotides are in agreement with their roles as proposed by biochemical experiments.
Based on coordinates of 1MME and 2GOZ.
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Figure 1. 20 Crystal structure of the extended hammerhead with Mn2+ ions
The most recent crystal structure (2OEU) was solved with the extended hammerhead in
the presence of Mn2+ ions. 5 Mn2+ ions (shown as red spheres) are found spread through
out the complex. One Mn2+ ion is located near the A9/G10.1 (proposed metal binding
site) close to the cleavage site. Another relevant ion is located near the residue L2.2
(terminal loop of stem II). Adapted from the coordinates deposited by Martick & Scott.
2007.
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Figure 1. 21 Proposed model for general acid-base catalysis by hammerhead ribozyme
pH rate profiles of minimal hammerhead ribozyme variants. (A) Cleavage rate-pH profile
of unmodified ribozyme ( ) showing log-linear increase of rate with pH. 2, 6diaminopurine (DAP) at position 12 ( ) and DAP8 (●) display leveling off of cleavage
rate after pH 6. DAP5 ( ) profile remains unchanged but significant loss of activity. (B)
Bell-shaped pH profile of DAP8:DAP12 with pKAs corresponding to the pKAs of DAP
(~5.1). Data suggests the involvement of G8 and G12 in acid-base catalysis.
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CHAPTER 2
Mutational Inhibition of ligation in the hairpin ribozyme: Substitutions of
conserved nucleobases A9 and A10 destabilize tertiary structure and selectively
promote cleavage
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ABSTRACT
The hairpin ribozyme acts as a reversible, site-specific endoribonuclease that ligates
much more rapidly than it cleaves cognate substrate. While the reaction pathway for
ligation is the reversal of cleavage, little is known about the atomic and electrostatic
details of the two processes. Here, we report the functional consequences of molecular
substitutions of A9 and A10, two highly-conserved nucleobases located adjacent to the
hairpin ribozyme active site, using G, C, U, 2-aminopurine, 2,6-diaminopurine, purine,
and inosine. Cleavage and ligation kinetics were analyzed, tertiary folding was monitored
by hydroxyl radical footprinting, and interdomain docking was studied by native gel
electrophoresis. We determined that nucleobase substitutions that exhibit significant
levels of interference with tertiary folding and interdomain docking have relatively large
inhibitory effects on ligation rates, while showing little inhibition of cleavage. Indeed,
one variant, A10G, showed a five-fold enhancement of cleavage rate and no detectable
ligation, and we suggest that this property may be uniquely well suited to intracellular
targeted RNA cleavage applications. Results support a model in which formation of a
kinetically stable tertiary structure is essential for ligation of the hairpin ribozyme, but is
not necessary for cleavage.

52

INTRODUCTION
The hairpin ribozyme is derived from the negative strand of the tobacco ring spot
virus satellite RNA (Buzayan et al., 1986b). It catalyses a reversible, site-specific
cleavage and ligation reaction by transesterification (Fig. 2.1). The secondary structure of
the hairpin ribozyme consists of two domains, A and B (Hampel & Tritz, 1989), each
composed of an internal loop flanked by two helices. These two domains must associate
through tertiary interactions ("dock") to form an active complex (Esteban et al., 1997;
Esteban et al., 1998; Walter et al., 1998). In nature, the two domains are joined as a fourway helical junction, (4WJ) (Buzayan et al., 1986a) of which only the two domains and a
two-way helical junction (2WJ) are required to form a functional minimal hairpin
ribozyme (Hampel & Tritz, 1989; Hampel et al., 1990). The two domains are also
capable of interacting when unconnected strands are provided separately. These features
provide investigators with the ability to study the ribozyme as a native 4WJ construct,
minimal 2WJ, or as separated domains (Butcher et al., 1995; Hampel et al., 1998).
The cleavage reaction yields products with 2', 3'-cyclic phosphate and 5'-OH termini
(Buzayan et al., 1986b). The reverse reaction, ligation, is favored and its rate is at least 10
times faster than that of cleavage (Hegg & Fedor, 1995; Esteban et al., 1997; Fedor,
1999). Most studies have concentrated on the cleavage reaction of the ribozyme. Less
attention has been focused on ligation, which is assumed to be a microscopic reversal of
the cleavage reaction (Buzayan et al., 1988a; Buzayan et al., 1988b; Chowrira et al.,
1993b; Nesbitt et al., 1997). Docking studies of the ribozyme with cleavage products
have proven difficult due to the technical challenges involved. Similarly, residues
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important for ligation have not been meticulously established. An observation in our lab
that a ribozyme with an A9G substitution ligated poorly although its cleavage activity
was unaffected, suggested that certain nucleotides in the ribozyme might be important for
ligation but not cleavage. This observation led to the present study.
In order for the ligation reaction to occur, the products must bind the ribozyme, the
two-ribozyme domains must associate, and the ends of the products must be correctly
aligned for an SN2 reaction. Two laboratories have recently solved three-dimensional
crystal structures of the hairpin ribozyme, one using the naturally-occurring four-way
junction ribozyme fused to a binding site for U1A protein and co-crystallized with the
protein (Rupert & Ferre-D'Amare, 2001; Rupert et al., 2002) (Fig. 2.1C), the other using
two protein–free constructs consisting of the minimal ribozyme-substrate complex (Salter
et al., 2006; Torelli et al., 2007). In each structure, the active sites had generally similar
conformations. The active site of the hairpin ribozyme is composed of G8, A38, C25, A9
and A10 plus the substrate nucleotides at the reaction sites, G+1 and A-1 (Berzal-Herranz
et al., 1993; Rupert & Ferre-D'Amare, 2001; Salter et al., 2006; Torelli et al., 2007) (Fig.
2.1C). G8 and A38 are proposed to be directly involved in the reaction chemistry (Fedor,
2000; Pinard et al., 2001; Rupert & Ferre-D'Amare, 2001).
A9 and A10 interact less intimately with the reaction site, and their roles in
supporting catalysis are less clear. G+1 flips out from the substrate strand to make an
essential interdomain base pair with C25, an interaction that is important for the domain
docking (Pinard et al., 1999b). The exocyclic 6-amino group of A9 is proposed to form
hydrogen bonds with the N3 of A-1 and with one of the non-bridging oxygens of the
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scissile bond (Rupert & Ferre-D'Amare, 2001; Rupert et al., 2002), while A10 is part of
the ribose zipper in which its 2' OH interacts with the sugar of C25 (Klostermeier &
Millar, 2001). A10 is located within the active site, but in the crystal structures it is not
close enough to make direct interactions with any of the reactants (Rupert & FerreD'Amare, 2001; Rupert et al., 2002) (Fig. 2.1C). In the recent crystal structure (Salter et
al., 2006; Torelli et al., 2007) the authors propose water-mediated interactions of the
exocyclic amino group and the N1 of A10 with A38, and also interactions of the N1 of
A9 with the exocyclic amino group of G+1 through water molecules. A water molecule
(W52) that was proposed to mediate an interaction between exocyclic amino groups of
A9 and A38 (Salter et al., 2006) is now interpreted as a non-bridging oxygen in the newer
crystal structure (2P7E; (Torelli et al., 2007)).
Previous studies have generally viewed the ligation reaction as a microscopic reversal
of the cleavage reaction in the hairpin ribozyme (Buzayan et al., 1986b; Buzayan et al.,
1988a; Chowrira et al., 1993b; Nesbitt et al., 1997). However, relatively few studies have
specifically addressed the differences between the requirements for cleavage and ligation.
Nucleotide analogue interference mapping (NAIM) studies of the hairpin ribozyme
showed inhibition of the ligation reaction when A9 and A10 were substituted with
phosphorothioate nucleotide analogues (Ryder & Strobel, 1999). These findings
suggested a role for A9 and A10 in catalysis; in particular, A10 was proposed to undergo
a catalytically important ionization (Ryder et al., 2001).
The ligation reaction presumably requires, in addition to binding of the products and
docking of the two domains, interactions to orient the ribose moiety of A-1 with its 2', 3'55

cyclic phosphate and that of G+1 with its 5'-OH, so that their geometry is appropriate for
the transesterification reaction. In this work, we explore the requirements for the ligation
reaction, in the background of a well-characterized two-way junction hairpin ribozyme,
and how they compare to the requirements for cleavage. In the present study, kinetic
analysis is supplemented by hydroxyl radical footprinting and native gel electrophoresis,
which provide insights into the effects of nucleobase substitutions on tertiary folding and
association of the two domains of the ribozyme-substrate complex. Our results indicate
that ligation requires a more stably docked complex than cleavage and that the docking of
the ribozyme complex is very sensitive to nucleobase substitutions at the A9 and A10
positions. Study of the numerous variants also demonstrated that it is possible to convert
a reversible ribozyme into one whose activity is functionally unidirectional, strongly
favoring cleavage under typical reaction conditions.

56

MATERIALS AND METHODS
RNA preparation. All oligonucleotides were prepared by solid-phase synthesis using
standard RNA phosphoramidite chemistry. Reagents were purchased from Glen
Research. Following deprotection, RNA was purified by denaturing gel electrophoresis
and reverse-phase HPLC, as previously described (Sargueil et al., 1995; Walter et al.,
1998).

Ribozyme kinetic analysis. Cleavage assays were carried out in 50 mM HEPES/ NaOH
(pH 7.5) and 15 mM MgCl2 (reaction buffer) at 25°C. Unlabeled 5' Rz and 3' Rz (at 0.2
µM final concentration), shown in Fig. 2.1A, were mixed with reaction buffer in one tube
and ~1 nM 5'-32P labeled S (four way substrate; (Walter et al., 1999)) with reaction buffer
in another. Both the tubes were preincubated at 37°C for 10 min and then allowed to
equilibrate to a reaction temperature of 25°C. Reactions were initiated by combining the
two volumes. These concentrations were found to be saturating for all mutants examined.
At least 16 time points were taken for each experiment by quenching 1.6 µl aliquots on
ice into 18.4 µl of formamide loading solution [FLS, 15 mM EDTA, 0.02% (v/v)
bromophenol blue and 0.02% (v/v) xylene cyanol in formamide]. The reactions were run
on 20% polyacrylamide gels and bands were quantified using a Bio-Rad Molecular
Imaging System GS-525 at the Vermont Cancer Center DNA Analysis Facility. The
reaction rates and extents were determined by nonlinear regression using Microcal Origin
software. Experiments were repeated at least three times for each variant and the
experimental variation did not exceed ~15% of the reaction rates or amplitudes.
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Ligation assays. 5'-32P labeled 5'p (5' product) was generated by large scale cleavage of
5' labeled S. The 5'p was purified on a 20% polyacrylamide denaturing gel. 5'p had to be
isolated by cleavage since the 2', 3'-cyclic phosphate containing product cannot be
synthetically prepared and the long substrate (S) was used instead of the regular 14
nucleotide SV5 substrate, to improve the recovery of the labeled 5' cleavage product. All
other strands were used at saturating concentrations of 15 µM. Ligation reactions were
similar to cleavage except that reactions were initiated with the 3' product (3'p). Briefly,
5' Rz, 3' Rz and ~1 nM 5'-32P labeled 5'p were mixed with reaction buffer and the
reaction was initiated by combining it with the 3'p in reaction buffer subsequent to being
separately incubated at 37°C for 10 min and then allowed to equilibrate to a reaction
temperature of 25°C. Buffers used for the pH profile were: MES buffers for pH 4.5 to 6.5
and HEPES/NaOH for pH 7 to 8.

Hydroxyl radical footprinting. Cleavage reactions were carried out as previously
described (Hampel et al., 2001; Hampel & Burke, 2003). All reactions were carried out in
a final volume of 10 µl with non-cleavable substrate or non-ligatable 3'-phosphorylated
5'p (Walter et al., 1998). To allow the ribozyme to fold, trace amount of 5'-32P-endlabeled RNA and saturating concentrations (1µM each) of the unlabeled RNAs were
preincubated in 25 mM sodium cacodylate (pH 7) and 15mM MgCl2 at room temperature
for 20 min, as suggested by FRET experiments for docking kinetics of the two domains
(Walter et al., 1998). For the cleavage reaction, 0.75 µl of each of the following
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components - H2O2 (0.375% v/v), Fe(II)-EDTA [5 mM Fe(NH4)2(SO4)2, 5 mM Na2EDTA pH 8.0, freshly mixed] and 60 mM sodium ascorbate, were added as individual
drops in the cap of the reaction tube. The reaction was initiated by a quick
microcentrifuge spin. The reactions were terminated by addition of 190 µl stopping cum
precipitating buffer [0.125 µg/µl tRNA, 0.075 mM thiourea, 300 mM sodium acetate pH
7.0]. Each reaction was precipitated with ethanol and the pellet resuspended in 15 µl FLS.
The products were analyzed on a 15% polyacrylamide 8M urea gel and quantified using a
Bio-Rad Molecular Imager FX system.
Fractional protection of a particular position was determined by subtracting from it
the counts at the same nucleotide position but from the lane without hydroxyl radical
treatment. The counts from 'control' positions, whose protection does not change with
docking, were also included in the calculations to account for gel loading differences.
The control positions for the different bases were: 9 for helix 2, 23 for nucleotides 25-27
and 45 for 3' Rz.

Native gel electrophoresis. A non-cleavable (deoxy A-1) construct (Walter et al., 1998)
was used, in which the 3' Rz is attached to the substrate via a pentacytidine linker, RLS
(Hampel & Burke, 2001a). RLS with sequence 5'GGUCGUGGUACAUUACCUGGUACCCCCUCGCdAGUCCUAUUU - 3' promotes
folding in the presence of 5' Rz but inhibits cleavage. The negative control strand is of the
same sequence except for a G+1A modification instead of deoxy A-1 (Hampel et al.,
1998; Walter et al., 1998) which prevents docking of the two domains of the ribozyme.
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Each variant 5' Rz (5 pmole in 10 µl) is incubated in non-denaturing buffer (0.4M Trisacetate pH 7.5 and 0.25 M Mg-acetate), 5% glycerol and trace amount of 5'-32P-endlabeled RLS for 10 min at 25°C and then run on a 10% non-denaturing gel in the same
buffer for 18 hours at 4°C.
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RESULTS
Choice of ribozyme constructs.
In these studies, we used the well-characterized minimal ribozyme construct SV5
(Butcher et al., 1995; Sargueil et al., 1995). The minimal ribozyme (containing a two-way
helical junction) was chosen instead of the native ribozyme (containing a four-way
helical junction), because the four-way junction is known to counteract the effect of many
destabilizing mutations by strongly favoring formation of the docked, active tertiary
structure (Fedor, 1999; Walter et al., 1999; Zhao et al., 2000; Klostermeier & Millar,
2001). Therefore, the minimal construct provides a more sensitive and appropriate
platform with which to probe mutational effects on activity and tertiary folding.

Reaction conditions: cleavage versus ligation.
Different reaction conditions were used to carry out cleavage and ligation of the
ribozymes. Each reaction was optimized independently and it was observed that higher
concentrations of the ribozyme strands were required to saturate the reaction for ligation
(Sargueil et al., 2003), while maintaining the same Mg2+ and buffer concentrations.

Cleavage and ligation kinetics of A9 and A10 variants.
Kinetic assays were conducted to determine the effects of nucleobase substitutions at
A9 and A10 on cleavage and ligation rates (Fig. 2.2A and Table 2.1). Under our standard
assay conditions, the unmodified (SV5) ribozyme exhibits an observed cleavage rate of
0.09 min-1 with 80% cleavage, and an observed ligation rate of 0.68 min-1 with 80%
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ligation. A9 and A10 were independently substituted with G, U, C, 2-aminopurine (2AP),
2,6-diaminopurine (DAP), purine (P), and inosine (I) (Fig. 2.1B), and cleavage and
ligation rates were monitored. In general, ligation rates were more significantly affected
than were cleavage rates (Fig. 2.2A and Table 2.1).
Pyrimidine substitutions at positions 9 and 10 affected the ribozyme most severely.
Although 70% of the substrate is cleaved by C9 and U9 variants, the observed rate is
slower than that of the unmodified SV5 construct. No ligation could be observed in
assays with ribozymes containing C9 or U9 (Fig. 2.2A and Table 2.1). In contrast, C10
and U10 substitutions inactivate both cleavage and ligation. The latter base has the
potential to form a Watson-Crick base pair with cleavage site nucleobase A-1, thus
extending helix 2 and creating a highly unfavorable active site geometry that would
interfere with the positioning of the 2'-OH of A-1 for inline attack on the scissile cleavage
site phosphorus. Similarly, the C10 variant has the potential to form a Watson-Crick base
pair with the other cleavage site nucleobase G+1, with potentially profound catalytic and
structural effects. In the active ribozyme, G+1 flips out to make an essential interdomain
base pair with C25 (Pinard et al., 1999b), in turn positioning its 5'-oxygen for an inline
SN2 reaction. A base pair between C10 and G+1 could inhibit activity by preventing
docking of the ribozyme.
Purine analogues at position 9 were much less inhibitory to cleavage, but had
dramatic effects on ligation (Fig. 2.2A and Table 2.1). Crystallographic studies show that
the exocyclic amino group of A9 forms hydrogen bonds with the N3 of A-1 and one of
the non-bridging oxygens of the scissile bond (Rupert & Ferre-D'Amare, 2001; Rupert et
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al., 2002). Substitution of A9 with purine analogues did not significantly affect the
observed cleavage rate or the extent of the reaction except for G9, which decreased the
extent of the cleavage reaction to 50%. This suggests that the contacts between the
exocyclic amine of A9 and the cleavage site are not essential for cleavage in the SV5
construct under the conditions used in these experiments. Substitution with other purines
(2AP, DAP9 and P) at position 9 resulted in no detectable change in the cleavage rate.
Strikingly, ligation was much more sensitive to purine substitutions (Fig. 2.2A and Table
2.1). The extent of the reaction was reduced four-fold in the ribozymes containing 2AP9
and DAP9 compared to the unmodified SV5 ribozyme (A9), suggesting that the
substitution induces a kinetically-stable misfold in a majority of the ribozyme-substrate
complex population. Together the data argue that the presence of a 2-amino group (2AP
and DAP) may interfere with folding and activity, while the high fraction of ligation and
relatively fast rate of the ribopurine 9 variant (k = 0.28 min-1, reaction extent = 80%)
compared to other active variants argues against an essential role for the 6-amino group
in ligation, especially for folding. Interestingly, the presence of a keto group at N6 (G9,
inosine 9) not only reduced the rate of ligation, but totally eliminated it. One possibility is
that the keto group might be making some unfavorable interactions causing a misfold or
improper orientation of the active site with the products.
Purine analogues at position 10 gave cleavage and ligation results (Fig. 2.2A and
Table 2.1) that may be less easily interpretable according to existing structural models.
The 2AP10 variant cleaves at the same rate as the unmodified A10 ribozyme, and the
rates of the P10 and DAP10 variants are both reduced only two-fold. In ligation reactions,
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the 2AP10 variant functions at nearly the same rate as the unmodified SV5 ribozyme,
while the P10 and DAP10 variants yield rates around 50% that of unmodified ribozyme.
These results suggest that the crystallographic interactions of the 6-amino group of A10
are not essential for activity. Unexpectedly, the ribozyme variant containing G10 cleaves
five times faster than the unmodified ribozyme. Since the I10 variant cleaves faster than
A10 but not as fast as the G10 ribozyme, the maximal cleavage rate appears to require the
presence of both the 2-amino and 6-keto groups of G. The G10 variant was not reported
to be an activating mutation in previous work (Shippy et al., 1998). The ribozyme used
by Shippy et al. was a cis-acting construct derived from the wild-type hairpin ribozyme
sequence. Cleavage was carried out at 37°C in transcription reactions. This combination
of construct and conditions may enhance the negative effects of nucleotide variants. In
contrast to its enhanced cleavage activity, the ligation reaction of the G10 variant was
very strongly inhibited, proceeding at an undetectable rate, as did that of the I10 variant.
One possible explanation for lack of ligation by the G10 ribozyme could be that the N1 is
unlikely to be ionized, as previously suggested for A10 by studies using the wild type
ribozyme (Ryder et al., 2001). Ligation rates of ribozymes substituted with DAP10 (pKA
= 5.1) over a pH range of 4.5 – 8 were compared with those of A10 (pKA = 3.5). If the
protonation of N1 were essential for ligation, the increase in ligation rate would occur at a
higher pH for DAP10 than the unmodified ribozyme. However, the ligation rate vs pH
plot (Fig. 2.2B) did not show a significant shift (apparent pKA of the A10 reaction = 5.9,
and that of the DAP10 reaction = 6.0); hence, we conclude that in the SV5 ribozyme, the
protonation of the base at position 10 is probably not essential and not the reason for
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failure of ligation in the G10 variant. The reaction catalyzed by the G10 variant of the
hairpin ribozyme appears to be shifted very strongly towards cleavage, whereas the
unmodified SV5 and native four-way junction ribozymes strongly favor ligation.
Biotechnology implications of these findings are discussed below.

Tertiary folding assays
Modifications to ribozymes that inhibit catalytic activity may do so by inhibiting
folding to the native tertiary structure, or by inhibiting a step (presumably chemical) that
follows tertiary structure formation. To distinguish these possibilities, we employ two
assays—hydroxyl radical footprinting and native gel electrophoresis. The methods are
highly complementary, but each has its advantages and disadvantages.
Hydroxyl radical protection has the advantage of single nucleotide resolution, but
may not reveal information about different global tertiary folds. In our hands, the method
has a 30 s experimental dead time, so that any events taking place within this time after
the initiation of the reaction are not observed. In the hairpin ribozyme-substrate complex,
backbone protection is observed when the two domains dock to form a stable three
dimensional structure (Hampel et al., 1998).
Native gel electrophoresis does not approach the spatial resolution of the footprinting
technique, but can resolve distinct tertiary folds, especially those that differ in the
disposition of RNA molecules around helical junctions. This latter analysis is particularly
informative in the hairpin ribozyme, where docking of the two domains of the ribozyme
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has been shown to be an essential step in the formation of the active complex (Hampel &
Burke, 2001a).

Tertiary folding of A9 and A10 variants by hydroxyl radical footprinting
Folding assays were carried out with A9 and A10 variants and appropriate controls,
employing non-cleavable substrate or non-ligatable products, as described in Materials
and Methods. Previously, we had demonstrated that unmodified ribozyme in the presence
of non-cleavable substrate or non-ligatable products is protected at positions 11-15 (helix
2), 25-27 (5' segment of internal loop B) and 38, 42, 43 (3' segment of internal loop B)
(Hampel et al., 1998).
For the A9 and A10 variants, we observe poor correlation between the extent of
protection and the cleavage rates (Figs. 2.3A, B, C and E, Fig. 2.2A and Table 2.1). For
example, comparing the cleavage rates with the protections in the 3' Rz strand (Fig.
2.3C), we find that ribozymes with I9 and I10 cleave faster than wild-type, but no
backbone protection is seen at any position. Also, G10, which cleaves extremely fast,
shows no protection at all. P10, with a slow cleavage rate of 0.04 min-1 shows more
protection than I10, which cleaves at the rate of 0.15 min-1. The protections in the 5' Rz
strand also do not correlate with the cleavage rates (Fig. 2.2A). Note that previous studies
had identified variants with robust cleavage activity that lacked the ability to form a
stable, docked structure (Walter et al., 2001). These results are interpreted as complexes
that can form a transient docked state, resulting in only a small fraction of molecules
residing in the docked state at any point in time. However, this small fraction of docked
66

complexes is apparently sufficient for supporting the cleavage reaction at significant
rates; and such states have been physically identified through single-molecule
fluorescence resonance energy transfer studies (FRET) (Walter et al., 2001).
Protection data were obtained for ligation complexes with non-ligatable products
(Figs. 2.3D,F). These data reveal a much stronger relationship between biochemical
activity and tertiary complex formation (Fig. 2.3G). Importantly, significant levels of
protection were observed in the case of the P9, 2AP10 and P10 variants along with the
wild type control; these are the variants that show significant ligation activity (Fig. 2.2A
and Table 2.1). All the other variants show levels of protection that are either
undetectable or barely detectable. These results indicate that the ligation reaction is more
sensitive to tertiary structure formation and/or stability than is the cleavage reaction.

Tertiary folding of A9 and A10 variants by native gel electrophoresis
Native gel analysis was used as a complementary method to examine global tertiary
folding by qualitatively determining the ability of each variant to fold into the docked,
active tertiary complex. A construct (LB-S), in which a non-cleavable substrate analogue
(containing 2'-deoxy A-1) is linked to residue A50 of the 3' ribozyme fragment (3' Rz)
via a pentacytidine linker was used to differentiate between the docked and undocked
ribozyme-substrate complex (Hampel & Burke, 2001a). As a negative control for docked
complex formation, the G+1A mutant which cannot form the essential G+1•C25
interdomain base pair was used (Hampel et al., 1998; Walter et al., 1998). The ribozymesubstrate complex can resolve into two bands – the docked complex that migrates with
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higher mobility, and the undocked complex with lower mobility that co-migrates with the
negative control (Walter et al., 1998). Cleavage reactions in the presence of T4 RNA
ligase demonstrated that helix 2 and helix 3 are coaxially stacked in the undocked
ribozyme-substrate complex (Esteban et al., 1998).
It is distinctly visible from Fig. 2.4 that variants that form docked complexes are the
ones that undergo ligation. Bands with the docked complexes are clearly seen for the
unmodified, P9 and P10 variants. 2AP10 and DAP10 variants also dock, although to a
lesser extent. These data do not correlate with the cleavage performance of the variants.
A similar observation was made previously with the abasic +2 substrate variant that
cleaved faster than all other +2 nucleotide substitutions but did not show backbone
protection or the formation of a docked complex (Walter et al., 2001). G9-, G10- and I10substituted ribozymes migrate in an anomalous fashion which suggests the formation of
an atypical tertiary structure possibly detrimental to ligation but not cleavage. These
observations provide direct support for a model in which ligation requires a more stablydocked structure than cleavage.
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DISCUSSION
The hairpin ribozyme catalyzes cleavage and ligation of its substrate, with its internal
equilibrium shifted strongly towards ligation (Hegg & Fedor, 1995; Esteban et al., 1997;
Wilson et al., 2005). Under many conditions, reaction chemistry is rate limiting for
cleavage, but tertiary structure formation can be rate limiting for ligation (Walter et al.,
1998). Nucleotides essential for the cleavage reaction have been extensively studied, but
most studies have focused on cleavage. In this study, we examine variants that selectively
inhibit ligation and shift the reaction towards cleavage.
The hairpin ribozymes used in published studies have differences in their design
which can lead to significant differences in the reported activities of variants. These
activity differences generally are a consequence of altered RNA folding behavior, which
may be additionally influenced by choice of reaction conditions and folding protocols.
Here, we have primarily used the modified minimal hairpin ribozyme SV5 (Butcher et
al., 1995; Sargueil et al., 1995) instead of the “wild-type” ribozyme construct (Hampel &
Tritz, 1989; Anderson et al., 1994) because it shows superior folding and kinetic
characteristics. The SV5 construct has permitted physical studies of the docked complex
(Hampel et al., 1998; Walter et al., 1998), whereas similar efforts with the original “wild
type” hairpin ribozyme had not yielded evidence of stable tertiary structure with a
lifetime amenable to biochemical detection (Butcher & Burke, 1994).
The chemistry of ligation is assumed to be a microscopic reversal of cleavage.
However, the ground state of the complex formed by the ribozyme and uncleaved
substrate differs, particularly in constraint, from that formed by the ribozyme with the
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two short products, one containing a free 5' hydroxyl group and the other containing a 2',
3'- cyclic phosphate. The conformational changes required to form docked complexes
and access the transition state from their respective ground states very likely differ from
one another. Nucleotide substitutions in the ribozyme might have differential effects on
cleavage versus ligation because (i) they might stabilize one ground state compared to the
other, or misfold one and not the other (for instance, by causing new interactions with the
free ends of the products in the ground state); (ii) they might interfere with transient
interactions needed in conformational changes from one ground state and not the other in
accessing the docked conformation; (iii) they could alter interactions specifically
involved in alignment of the product termini for ligation.
Mutational and interference studies proposed the involvement of A9 and A10 in
cleavage (Chowrira et al., 1993b; Grasby et al., 1995; Shippy et al., 1998; Ryder &
Strobel, 1999), and are supported by the observation that they are located in the active
site of the crystal structures (Rupert & Ferre-D'Amare, 2001; Salter et al., 2006; Torelli et
al., 2007). Molecular dynamic studies based on the 1M5O crystal structure (Rupert &
Ferre-D'Amare, 2001) with vanadate at the cleavage site suggest that A9, G8 and A38
function to stabilize the negatively charged oxygen atoms in the transition state (Park &
Lee, 2006).
Several studies carried out with the wild-type hairpin ribozyme or closely related
constructs have suggested that A9 may play a role in the cleavage reaction (Chowrira et
al., 1993b; Grasby et al., 1995; Shippy et al., 1998). However, in the background of our
construct, nucleobase substitutions at position 9 show minimal effects on cleavage.
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Similar findings have been reported for a hairpin ribozyme stabilized by a four-way
junction, where an abasic substitution at position 9 decreases the cleavage rate only 3- to
4-fold (Kuzmin et al., 2004).
The ligation reaction, in contrast to cleavage, shows a strong preference for the
conserved A9 (Berzal-Herranz et al., 1993). While most variants at position 9 show
moderate to extreme inhibition, the observed ligation rate for P9 is only 1.5-fold lower
than that of A9. Nucleotide Analogue Interference Mapping (NAIM) studies, also based
on a ligation assay, showed a higher degree of interference from the substitution of a
purine-α-phosphorothioate (PαS) nucleotide at position 9, leading to the conclusion that
the 6-amino group of A9 was essential for activity (Ryder & Strobel, 1999). The
difference between the observations is most likely due to the difference in the constructs
used (the NAIM analysis was performed with the wild-type hairpin ribozyme) and
different reaction conditions (4°C for NAIM vs 25°C for these studies).
In the recent hairpin ribozyme crystal structure containing vanadate at the active site
(Torelli et al., 2007), the N1 position of A9 is seen to coordinate with a water molecule
that in turn interacts with one of the non-bridging oxygens of vanadate and the exocyclic
amino group of G+1. If this represents a meaningful stabilizing interaction, it might
explain why the ribozyme with P9, whose N1 pKA is lower than those of the other
variants, shows the presence of a docked ribozyme-substrate complex (Fig. 2.4), plus
significant backbone protection from hydroxyl radicals (Fig. 2.3G) and a higher ligation
rate (Fig. 2.2A).
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Variants G9 and I9 do not decrease the cleavage activity of the ribozyme, but
significantly inhibit ligation, suggesting that the keto group and/or the N1 proton might
be making unfavorable interactions, although neither of the two positions is within
hydrogen bonding distance to any other functional group as seen in the crystal structures.
Both folding assays indicate that tertiary folding is inhibited—little or no docked
complex is observed by native gel electrophoresis, and low levels of protection are
observed in the hydroxyl radical footprinting experiments. Together, these results suggest
that these substitutions at position 9 act to inhibit formation of the active docked complex
by (i) stabilizing ground state interactions, or by (ii) inhibiting essential interdomain
contacts required for tertiary structure formation.
In accordance with prior results (Shippy et al., 1998), the 10 position of the hairpin
ribozyme requires at least a purine ring to maintain minimal cleavage activity (Fig. 2.2A
and Table 2.1). A single exocyclic amino group (2AP10, A10) seems to aid in cleavage;
two (DAP10) or none (P10) (Grasby et al., 1995) hinder it while a 6-keto group (G10,
I10) enhances it. Unlike the previous observation in the wild-type sequence ribozyme
where a G10 variant had cleavage activity reduced by 18 fold (Shippy et al., 1998), data
here suggest that the presence of the keto group in our construct increases the rate of the
cleavage reaction about 5-fold compared to the A10 ribozyme (Fig. 2.2A), although it
does not stabilize the docked complex, as is evident from the native gel analysis (Fig. 2.4)
and hydroxyl radical footprinting data (Fig. 2.3). The apparent destabilizing effect of the
6-keto group may disrupt docking enough in the wild-type ribozyme to inhibit cleavage,
while leaving the SV5 ribozyme still able to interact stably enough to cleave.
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The same substitutions have very different effects on ligation. In spite of the high
cleavage rates seen in G10 and I10 variants, their ligation in this background is strongly
inhibited, implying that the same interactions which destabilize docking and enhance
cleavage may concomitantly hinder ligation. Crystal structures suggest that A10 probably
does not play a direct role in ligation chemistry; however, some of the mutations may
interfere with the formation of the active site and/or with electrostatic stabilization of the
transition state.
The 2AP10 substituted variant behaves similarly to the unmodified ribozyme, while
P10 and DAP10 substitution reduces the rate nearly 2-fold. Similar substitutions with
phosphorothioate analogs analyzed by NAIM gave slightly different results. High
interference was observed with 2APαS, PurαS and none with DAPαS (Ryder & Strobel,
1999; Ryder et al., 2001) emphasizing the importance of the Hoogsteen face of A10.
Again, the observations may vary because of differences in the constructs and conditions
used. The exocyclic amino group and N1 of A10 have been proposed to make some
crucial water-mediated interactions to stabilize the reacting groups (Salter et al., 2006;
Torelli et al., 2007) that would be disturbed in the presence of G10 and I10, possibly
leading to a drastic shift in the reaction equilibrium favoring cleavage.

Stability of docking is more important for ligation than it is for cleavage
Assembling all the strands of the ribozyme and the cleavage products into a
conformation favorable for the ligation reaction to occur is more complicated than the
analogous process for the cleavage reaction. The docking rate for assembling the cleaved
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products-ribozyme complex is slower than undocking a cleaved substrate-ribozyme
complex (Liu et al., 2007), making it a limiting factor for the ligation reaction. The
ligation rate is much faster than cleavage but it is more influenced by the stability of the
docked complex. Many variants do not exhibit protection or the presence of a docked
complex and yet they can cleave their substrates (i.e. I10, G10), sometimes faster than the
variants which show protection and are docked. A similar observation was made in the
past (Walter et al., 2001) in which an abasic +2 substrate variant that least affected the
cleavage rate among other +2 substitutions did not show any detectable docking by
FRET. This is similar to what is seen with some of the variants here – the protection data
does not correlate well with the cleavage activity of the variant. These observations could
be due either to extremely slow folding rates or dynamic docking during cleavage.
Ligation activity, on the other hand, is only observed for the variants which seem to
form a stably docked structure and which show backbone protection. Apart from the
unmodified SV5 ribozyme (A9, A10), only P9, 2AP10 and P10 variants show more than
20% protection in the hydroxyl radical footprinting assay and have some fraction of their
molecules docked as measured by nondenaturing gel electrophoresis. The docked
complex is stabilized by a network of weak interactions in such a way that disruption of
any of a number of interactions could prevent docking (Walter et al., 1998) and variants
with unstable or undocked complexes are unable to catalyze a transesterification reaction
to ligate the cleavage products.
G10 substituted ribozyme cleaves 5 times faster than unmodified ribozyme
suggesting that the forward reactions are occurring at the same rates as A10. The lack of
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observed ligation activity in these variants could be due to inhibition of k′dock (Fig. 1.9).
This is based on the observation that very weak backbone protections are observed in the
ribozymes in the presence of non-ligatable products. These results suggest that the
ribozyme can bind with the product strands but cannot transition to the docked state. It
folds into an alternate structure (anomalous migration on the native gel) that can carry out
cleavage but is not favorable for ligation reaction.
The SV5 construct can overcome many docking problems compared to the wild type
ribozyme construct (Butcher et al., 1995) but it is still sensitive to some mutants like G9
and G10, among others. The four-way junction construct stabilizes the docked tertiary
structure such that it can remain active under conditions which are destabilizing and
inhibit the two-way junction construct (Hampel & Tritz, 1989; Fedor, 1999; Walter et al.,
1999; Zhao et al., 2000; Klostermeier & Millar, 2001). Ligation was partially rescued in
all the inhibited variants (including G9 and G10) by introducing the substitution into the
four-way junction construct (Appendix A). This indicates that the destabilizing effects of
the substitutions can be overcome by structural elements that stabilize the global tertiary
fold. Our results support the view that ligation activity is highly dependent on the
stability of the tertiary structure.

Changing the nature of ribozymes from reversible to unidirectional
The base substitution studies at the A9 and A10 position of the minimal SV5
ribozyme have led to the identification of a ribozyme which cleaves faster than the
unmodified SV5 and yet does not give detectable ligation. The G10 modification in the
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SV5 construct cleaves five times faster than A10 (unmodified) and does not ligate in the
two-way junction construct. Previously, in the wild type ribozyme construct, this same
modification had reduced the cleavage rate 18 fold (Shippy et al., 1998). Unlike the base
substitution mutant ribozymes in a previous study (Anderson et al., 1994), none of which
gave activities significantly greater than the wild type form, a number of variants were
obtained in the SV5 background which cleaved slightly faster than the unmodified
ribozyme, for example, 2AP9, I9, I10 and G10.
The G10 variant effectively changes a reversible cleavage reaction into an irreversible
one under these conditions. Such substitutions might prove useful in the design of
ribozymes for specific purposes where ligation is undesirable. This may be extremely
valuable in ribozyme-based targeted RNA cleavage studies aimed at disease models and
gene therapy (Zhang & Burke, 2005).
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Table 2.1 Cleavage and ligation rates of all variants with their respective reaction extents

Variants

Cleavage rate
(min-1)

Cleavage
extent

Ligation rate (min-1)

Ligation
Extent

Unmodified

0.09 ± 0.008

0.86

0.68 ± 0.096

0.76

2AP9

0.11 ± 0.012

0.76

0.10 ± 0.062

0.19

DAP9

0.06 ± 0.011

0.75

0.16 ± 0.04

0.19

G9

0.08 ± 0.017

0.50

≤ 0.001

0.00

P9

0.07 ± 0.003

0.83

0.28 ± 0.022

0.79

I9

0.11 ± 0.007

0.68

≤ 0.001

0.00

C9

0.03 ± 0.002

0.68

≤ 0.001

0.00

U9

0.04 ± 0.003

0.68

≤ 0.001

0.00

2AP10

0.09 ± 0.023

0.79

0.57 ± 0.18

0.78

DAP10

0.04 ± 0.014

0.77

0.23 ± 0.05

0.68

G10

0.47 ± 0.124

0.63

≤ 0.001

0.00

P10

0.04 ± 0.00

0.78

0.31 ± 0.06

0.79

I10

0.15 ± 0.021

0.70

≤ 0.001

0.00

C10

≤ 0.001

0.00

≤ 0.001

0.00

U10

≤ 0.001

0.00

≤ 0.001

0.00
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Figure 2.1 Ribozyme constructs, reactions and nucleobase variants
(A) Secondary structure of the SV5 hairpin ribozyme used in this study. Loops A and B
and individual strands are indicated and color coded. Cleavage site on the substrate (S) is
indicated with an arrow and the products (3'p and 5'p) are shown with their respective end
groups. Nucleotides at positions 9 and 10 (bold) in the 5' ribozyme strand (5' Rz) were
individually substituted with nucleobases as shown in (B). (B) Structures of the
nucleobases used in this study, with their respective N1 pKA values. (C) Model of the
active site and the nucleotides surrounding A9 and A10 with potential hydrogen bonds.
Adapted from crystal structure, 1M5O (Rupert et al., 2002).
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Figure 2.1A
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Figure 2.1B
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Figure 2.1C
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Figure 2. 2 Cleavage and ligation rate for the hairpin ribozyme variants
(A) Reactions were carried out in presence of 15 mM MgCl2 and 50 mM HEPES/NaOH
at pH 7.0 (cleavage) and pH 7.5 (ligation) at ribozyme concentrations as mentioned in
Materials and Methods for optimal rates. Values above each of the bars represent the
extent of the reaction. Asterisk denotes catalytic rate ≤ 0.001 min-1. Experiments were
repeated at least three times for each variant and the experimental variation did not
exceed ~15% for the reaction rates and the amplitudes (Table 2.1). (B) Ligation rate-pH
profile of unmodified, (A10) () and DAP10 () variant. Reaction rates were
determined under standard conditions of 50 mM reaction buffer and 15 mM MgCl2 at
25°C as described in Materials and Methods. Buffers used over the pH range include
MES buffers for pH 4.5 to 6.5 and HEPES/NaOH for pH 7 to 8.
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Figure 2.2A
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Figure 2.2B
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Figure 2. 3 Hydroxyl radical footprinting assay
Polyacrylamide gel analysis of 5'-end-labeled 3' ribozyme in the absence (-) or presence
(+) of non-cleavable substrate with different 5' ribozyme strands containing nucleobase
variants; A9-substituted 5' Rz (A) and A10- substituted 5' Rz (B), reacted with Fe(II)EDTA reagent. (C-F) Fractional protection seen in 3' Rz (C, D) and 5' Rz (E, F) strands
of the various mutants with non-cleavable substrate (C, E) and non-ligatable products (D,
F). Vertical scale indicates fraction protected. For the unmodified ribozyme, 3' Rz
protection is seen at positions 38, 42 and 43 and 5' Rz protection is seen at 11-15 and 2527 (Hampel et al., 1998). Protection and loading controls were taken into account while
calculating fractional protection, as described in Materials and Methods. Values
represented are the average of at least three experiments. (G) Comparison of ligation rates
of ribozyme variants with degree of backbone protection at position 38 in the 3' Rz with
non-ligatable products.
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Figure 2.3A
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Figure 2.3B
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Figure 2.3C
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Figure 2.3D
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Figure 2.3E
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Figure 2.3F
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Figure 2.3G
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Figure 2. 4 Native gel electrophoresis of hairpin ribozyme variants
Lane 1 (+) for each variant is the LB-S (non-cleavable substrate linked to 3' Rz via a
pentacytidine linker) that promotes folding. Lane 2 (-) for each variant is the negative
control (G+1A). First two lanes of each gel are the two individually labeled LB-S.
Docked complex migrates faster than the coaxially stacked undocked complex.
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CHAPTER 3
Hammerhead active site: Nucleobase identity within the G8·C3 interaction is
important for both core and global folding of the ribozyme-substrate complex
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ABSTRACT
Located within the active site, the G8•C3 base pair has been shown to be important for
catalytic activity of the hammerhead ribozyme. Here, we report the effects of base pair
substitution on core and global folding, as measured by hydroxyl radical footprinting and
electrophoretic mobility analysis. Building on previously published results that focused
on cleavage activity, our results clearly demonstrate a role for the nucleobase interaction
in both cleavage and ligation activity, and in both core and global folding of the
ribozyme-substrate complex. Variants with weakly interacting pairs such as DAP8·C3
and A8·C3 fail to show protections in the core of the ribozyme while other variants with
purine at 3 or pyrimidine at 8 disrupt both the core and peripheral loop protections. In
addition, several assays show that compensatory substitutions at positions 8 and 3 are not
structurally or catalytically equivalent to the unmodified complex. Even those variants
that can make strong interactions achieve rates that are at least 10-fold slower than those
of the unmodified ribozyme. Cleavage rate of C8·G3 is ~150- fold slower then than
G8·C3 and the variant primarily misfolds into an inactive complex. Together, these
results suggest that interactions between the conserved nucleobases G8 and C3 play
important roles in folding and catalysis.
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INTRODUCTION
Hammerhead ribozymes (Haseloff & Gerlach, 1988) are one of the naturally
occurring, small endonucleolytic ribozymes found in many plant pathogenic RNAs
(Hutchins et al., 1986; Prody et al., 1986; Forster & Symons, 1987a), Schistosomes
(Chartrand et al., 1995; Ferbeyre et al., 1998), cave crickets (Rojas et al., 2000), and
salamanders (Zhang & Epstein, 1996). They catalyze a site-specific cleavage and ligation
reaction. Cleavage occurs via a transesterification reaction leading to the formation of
two products; one with a 2′, 3′ - cyclic phosphate and the other with a 5′ OH (Prody et al.,
1986; Uhlenbeck, 1987). The hammerheads found in viroids and virusoids are thought to
be involved in cleaving the RNA genome during its replication by a rolling circle
mechanism (Ferbeyre et al., 1998) but the biological role of the hammerhead derived
from Schistosomes is still uncertain. Unlike the hairpin ribozyme (Fedor, 1999), the
cleavage rate of hammerhead ribozymes is faster than their ligation rate (Hertel et al.,
1994).
The minimal hammerhead ribozyme motif consisting of a three helical junction
around a core with 15 conserved nucleotides (Forster & Symons, 1987b, a; Uhlenbeck,
1987; Ruffner et al., 1990) has been studied extensively (Blount & Uhlenbeck, 2005).
Recently, however it was found that inclusion of native neighboring structures in stems I
and II dramatically increase the ribozyme cleavage and ligation activity at low Mg2+
concentration (De la Pena et al., 2003; Khvorova et al., 2003; Canny et al., 2004; Penedo
et al., 2004; Nelson et al., 2005). The native ribozyme is an extended form of the minimal
hammerhead, containing interacting loops, as shown in 5. 3.1A, that facilitate proper
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folding of the molecule. The minimal ribozyme folds in two stages and needs mM
concentration of magnesium to cleave at ~1min-1 (Hammann & Lilley, 2002; DeRose,
2003; Blount & Uhlenbeck, 2005). The extended hammerheads observed to fold in a
single step. They can achieve similar cleavage rates at much lower (µM) concentration of
magnesium ions suggesting that tertiary interactions between stems 1 and 2 lead to
efficient self-cleavage at physiological Mg2+ concentrations (De la Pena et al., 2003;
Khvorova et al., 2003; Penedo et al., 2004). There is no change in the pH and magnesium
dependence of cleavage between the native and the minimal hammerhead (Nelson et al.,
2005) except that the native form cleaves ~100 fold faster indicating that occupancy of a
single low affinity Mg2+ binding site may limit both ribozyme constructs. Separate
studies in this lab, using fluorescence spectroscopy, provide evidence for two-step
folding of the natural hammerhead ribozyme (Buskiewicz & Burke, unpublished). In the
absence of divalent metal ions, the structure remains in an extended form, but with the
addition of Mg2+ it forms a compact structure in which stem I closely associates with
stem II while helices II and III co-axially stack on each other (Martick & Scott, 2006).
The cleavage mechanisms has been studied intensively in many different hammerhead
constructs (De la Pena et al., 2003; Khvorova et al., 2003; Nelson et al., 2005) while
relatively fewer studies have dealt with ligation by the hammerheads (Hertel et al., 1994;
Nelson et al., 2005; Osborne et al., 2005) (Canny et al., 2007). Ligation in the minimal
hammerhead was found to be 100-fold slower than the cleavage reaction (kligation=0.008
min-1; kcleavage=0.1 min-1) with less than 1% of ligated substrate at equilibrium (Hertel et
al., 1994). There was >25 fold increase in ligation rate when a disulfide cross-link was
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introduced between the nucleotides at positions 11.5 (stem 2) and 2.6 (stem 1) suggesting
that changing the dynamic properties of a molecule can help to orient the ‘floppy ends’ of
the cleavage products for efficient ligation (Stage-Zimmermann & Uhlenbeck, 2001).
The cleavage and ligation rates increased 20- and 1300- fold respectively, in the native
hammerhead ribozyme derived from the satellite RNA of tobacco ringspot virus (Nelson
et al., 2005). The fastest ligation rate, so far, has been found in the hammerhead derived
from Schistosoma mansoni (kligation= 26 min-1) with 23% of ligated substrate at
equilibrium (Canny et al., 2007). To better understand the catalytic mechanism and the
key players in the reaction, we studied the ligation in this ribozyme in greater detail.
In crystallographic studies, the minimal hammerhead assumed a Y-shaped
conformation with helices I and II approaching each other (Pley et al., 1994; Scott et al.,
1995). Much of the structural and biochemical data on the hammerhead suggested that
the observed crystal structure did not represent the catalytically active structure (Blount
& Uhlenbeck, 2005). All the major inconsistencies were resolved with the new crystal
structure of the native hammerhead ribozyme derived from S. mansoni (Martick & Scott,
2006) reviewed in (Blount & Uhlenbeck, 2005). This structure explained the previous
inconsistencies and identified new putative interactions. One of them is a Watson-Crick
base pair between two conserved nucleotides in the ribozyme core: G8 and C3. It was
shown that cleavage rate with a C8 substituted ribozyme (kobs < 0.001 min-1) was rescued
with a base pairing variant, C8·G3 (kobs = 0.22 min-1) demonstrating that this base pair
was essential for the ribozyme to function. It was proposed that it may be required for
folding and/or for positioning the 2′OH of G8 in correct orientation to serve as the proton
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donor in the cleavage reaction. Prior work from our lab (Han & Burke, 2005) had
implicated the N1 proton of G8 for the same function based on the observation that the
pH dependence changed in accordance with the pKA of the substituted nucleobases (bell
shaped pH-cleavage rate profile for DAP8·DAP12 substituted ribozyme). In order to
explore the importance of the 8·3 base pair to the behavior of the molecule, numerous
substitutions were made at positions 8 and 3 individually and together (Fig. 3.1C). Each
of the variants was analyzed by multiple kinetic and structural assays to differentiate
gross structural defects from possible catalytic effects. A 2′-deoxy - G8 (dG8) ribozyme
was studied to evaluate the role of the 2′OH group in cleavage and ligation reactions.
In this study we found that although 8·3 base pairing was important for the cleavage
and the ligation reaction, none of the substituted variants including the ones that could
form strong base pairs behaved as well as the unmodified ribozyme for cleavage or
ligation. This suggests that the highly conserved nucleotides, G8 and C3 have a more
important role to play in catalysis than what is evident at this point. A closer look at the
ligation rate profile of the unmodified ribozyme and how it is affected by the pH has
helped us to understand the cleavage rate profile. Ligation studies led to the discovery of
a unique side reaction occurring in the unmodified ribozyme leading to the accumulation
of completely cleaved products at the end of a ligation assay.

MATERIALS AND METHODS
RNA preparation. All oligonucleotides were prepared by solid-phase synthesis using
standard RNA phosphoramidite chemistry. Reagents were purchased from Glen
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Research. Following deprotection, RNA was purified by denaturing gel electrophoresis
and reverse-phase HPLC, as previously described. (Sargueil et al., 1995; Walter et al.,
1998)

Ribozyme kinetic analysis. Cleavage assays were carried out in 50mM HEPES/ NaOH
(pH 7.5) and 10mM MgCl2 at 25°C. Unlabeled ribozyme at 0.5µM final concentration
and ~1nM 5′-32P labeled substrate S, shown in Fig.3.1A, were mixed with reaction buffer
in the presence of 0.1mM EDTA and 100mM NaCl and heated at 72° C for 2 min and
then allowed to equilibrate to a reaction temperature of 25°C as described previously
(Canny et al., 2004). Reactions were initiated by adding MgCl2 to 10mM final
concentration. Reactions were manually sampled by quenching 1.5µl reaction into 18.5µl
of formamide loading solution [FLS, 15mM EDTA, 0.02% (v/v) bromophenol blue and
0.02% (v/v) xylene cyanol in formamide]. For the fast reactions, time points less than 10
seconds were measured with a Kin-Tek RQF-3 chemical quench flow apparatus and each
reaction was quenched with formamide with 50mM EDTA. The reactions were
fractionated on 20% denaturing polyacrylamide gels and bands were quantified using a
Bio-Rad Molecular Imager System GS-525 (Vermont Cancer Center DNA Analysis
Facility). The reaction rates and extents were determined by non-linear regression using
Prism software. Reaction rates were determined using the equation:
Y=endpoint-amplitude*exp (-constant*X)
where Y = reacted fraction; constant = rate of the reaction; X = time
Experiments were repeated at least three times for each variant and the experimental
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variation did not exceed ~15% of the reaction rates or amplitudes.

Ligation assays. 5'-32P labeled 5' product was generated by large-scale cleavage of 5'
labeled substrate at pH 6.0 to ensure acquisition of only the active 5′ product. The 5'
product was purified on a 20% polyacrylamide denaturing gel. 5' product had to be
isolated by cleavage since the 2', 3'-cyclic phosphate containing product could not be
synthetically prepared.
The ribozyme strand and 3′ product were used at saturating concentrations of 2µM
and 2.5µM respectively. Ligation reactions were carried out exactly like the cleavage
reactions. In all the ligation assays, the rate describes only the first phase of the reaction.
It rate doesn’t include the decreasing fraction of the ligated substrate.
Buffers used for the pH profile were: MES/HCl buffers for pH 5.0 to 6.5,
HEPES/NaOH for pH 7 to 8 and CHES/NaOH for pH 8.5 and 9.0.

Hydroxyl radical Footprinting. Fe (II) cleavage reactions were carried out as described
in (Hampel & Burke, 2003) with slight modifications, based on the procedure illustrated
in Hampel K.J. et al., 1998. All reactions were carried out in a final volume of 10µl with
non-cleavable substrate (deoxy C17; (Dahm & Uhlenbeck, 1990)). To allow the
ribozyme to fold, trace amount of 5′-32P labeled RNA and saturating concentrations
(1µM) of the unlabeled RNA were preincubated in 50 mM HEPES/NaOH (pH 7.5) and
10mM MgCl2 at 72°C for 2 min and 25°C for 10min, as followed in the cleavage
reactions. For the backbone cleavage reaction, 0.75µl of each of the following
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components - H2O2 (0.375% v/v), Fe (II)-EDTA [5mM Fe (NH4)2(SO4)2, 5mM EDTA
pH 8.0, freshly mixed] and 60mM Ascorbate - were added as individual drops in the cap
of the reaction tube. The reaction was initiated by a quick microcentrifuge spin. The
reactions were terminated by addition of 190µl stopping cum precipitating buffer [0.125
µg/µl tRNA and 300mM sodium acetate pH 7.0]. Each reaction was precipitated with
ethanol and the pellet resuspended in 10µl FLS. The products were analyzed on a 15%
(for labeled ribozyme) or 20% (for labeled substrate) polyacrylamide 8M urea gel and
quantified using a Bio-Rad Molecular Imager GS-525 system.
Fractional protection of a particular position was determined by subtracting from
it the counts at the same position but from the lane without hydroxyl radical treatment.
The counts from ‘control’ positions, whose protection does not change with docking,
were also included in the calculations to account for gel loading differences. The
nucleotides at positions 10.3 and 16.3 were used as control positions for the labeled
ribozyme and substrate strands respectively.

Native Gel Electrophoresis:
Each variant Rz (1 pmole in 10 µl) in 40mM Tris-HCl, pH 7.5, 5% glycerol, 100µM ATP
and trace amount of 5'-32P-end labeled non-cleavable S (or labeled Rz with 1 pmole noncleavable substrate) is heated to 70°C for 3min, then incubated at 25°C for 10min, MgCl2
is added to 25mM final concentration. The samples are fractionated on an 11% nondenaturing polyacrylamide gel (40mM Tris-acetate, pH 7.5, 25mM Mg-acetate) overnight
at 4°C.
109

RESULTS
Ribozyme construct and reaction conditions
The native hammerhead ribozyme derived from S. mansoni is found to be active
under the physiological Mg2+ concentrations (0.1 - 1mM) unlike the minimal construct,
due to the presence of tertiary interactions between the loops in stems I and II (De la Pena
et al., 2003; Khvorova et al., 2003). The native ribozyme cleaves 50- fold faster and
ligates ~2000 fold faster than its minimal counterpart (Canny et al., 2004; Canny et al.,
2007). Although previous ligation studies were carried out with an extended helix III
(Schist26) (Canny et al., 2007), we decided to use the shorter construct (Fig. 3.1A; also
referred as Schist23 in (Canny et al., 2004)) for all our cleavage and ligation assays for
the purpose of uniformity. The observed cleavage rate for Schist26 (kobs,cleavage = 40 min1

) did not differ significantly from that observed in the shorter construct (Schist23;

kobs,cleavage = 48 min-1) under the same reaction conditions (Canny et al., 2007) hence it
was reasonable to use the same construct for studying cleavage and ligation.
In this study, the reaction conditions used for cleavage assays was different from that
used in the ligation assays in terms of the concentration of the RNA strands used. It was
observed that higher concentrations of the 5′ product and 3′ product strands were required
to saturate the ligation reaction as has been observed before in hairpin ribozyme ligation
studies (Sargueil et al., 2003) (Gaur et al., 2007).
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Catalytic properties of the native hammerhead ribozyme
Under our standard reaction conditions (50mM HEPES/NaOH pH 7.5, 0.1M NaCl,
0.1mM EDTA, 10mM MgCl2), the unmodified hammerhead ribozyme cleaved 30% of
the molecules at an observed rate of 77 min-1 , another 40% of the substrate cleaved at
~0.26 min-1 and the rest of the fraction was cleaved at a much slower rate (Fig. 3.2A and
Table 3.1). The reaction ended with ~92% fraction of the substrate in the cleaved form.
Ligation assays were carried out under the same reaction conditions but with
saturating concentrations of the ribozyme and 3′ product strands with trace amounts of
labeled 5′ product as described in detail in the Materials and Methods. We observed a
ligation rate of 22 min-1 with 33% ligation, similar to what was observed in a previous
study (Canny et al., 2007). The remaining fraction of 5′ product is not seen to undergo
ligation, in fact the fraction of ligated substrate starts decreasing after 5 min (Fig. 3.2A,
B). After about 3 hours all of the substrate is in the cleaved form. It was unusual that the
reaction did not attain any sort of equilibrium. A plausible explanation for the decrease is
that, the ligation rate is overtaken by the faster cleavage rate. But the lack of equilibrium
argued for the presence of an additional factor. The 5′ product observed at the end of the
reaction was different from the one with which the reaction was started. This was based
on the observation that it migrates marginally faster than the original 5′ product on
denaturing gels (Fig. 3.2B); moreover experiments have shown that when isolated and
retested, it does not have the ability to ligate (data not shown). We propose that this 5′
product (now called the hydrolyzed 5′ product) is a 2′ or 3′ phosphate generated by
hydrolysis of the 2′, 3′- cyclic phosphate-containing 5′ product (Fig. 3.2B). The
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combination of faster cleavage rate and ring opening is the reason for the observed
ligation profile of the unmodified ribozyme.
The hydrolysis of the 5′ product has been observed before in the minimal
hammerhead ribozyme and in the VS ribozyme although, the rate of hydrolysis in the
minimal hammerhead was in the order of 10-5 min-1 and hence not significant compared
to the ligation rate (Hertel & Uhlenbeck, 1995; Zhao et al., 2005). Based on a single set
of experiments, we observe that the hydrolyzed 5′ product appears much earlier in a
ligation assay (rate of appearance = 0.006 ± 0.0007 min-1) than in a cleavage reaction
(rate of appearance = 0.0015 ± 0.0001 min-1) at pH 7.5 (left panel in Fig. 3.2B). At pH
below 6.5, the hydrolyzed product is not formed even in an overnight reaction. The rate
of hydrolysis was also found to increase with pH (right panel in Fig. 3.2B) and with
increasing Mg2+ concentration (data not shown). Rate of appearance at pH 8.5 during
ligation was 0.07 ± 0.01 min-1 while in cleavage it was 0.01 ± 0.003 min-1. This explains
the last, slow phase of cleavage observed at long time points leading to the cleavage of
92% of the substrate.

Role of the G8·C3 base pair in catalysis.
The recent crystal structure of the native hammerhead ribozyme (Martick & Scott,
2006) (PDB ID: 2GOZ) resolved many of the inconsistencies that had existed between
the crystallographic and biochemical studies of the minimal hammerhead ribozyme. It
pointed out some new interactions that were not seen in the previous crystal structures
nor predicted by biochemical experiments. In this study we examined one of these
112

interactions: a Watson-Crick base pair between G8 and C3. Each of these positions was
substituted either individually or as a pair (Fig. 3.1C) to help elucidate the role of this
base pair in the functionality of the hammerhead ribozyme.
C8 and G3 individual variants are severely inhibited, as is evident from the low rates
and extents of cleavage (Fig. 3.2C and Table 3.1). The activity is partially rescued by
restoring the base pair with the C8·G3 double mutant in accordance with what has been
seen previously (Martick & Scott, 2006; Przybilski & Hammann, 2007b) but only to a
rate more than 100-fold slower than that of the unmodified ribozyme. Similarly, changing
G8 to DAP8 slows down the reaction nearly 20- fold, but more notably the fraction of
substrate cleaved in the first phase is reduced by half (Fig. 3.2C and Table 3.1). G8·U3 on
the other hand cleaves at a rate similar to that of DAP8·U3 (compensatory/
complimentary pair) except that the former has a higher fraction of substrate cleaved (as
shown in Fig. 3.2C) at pH 7.5. A8·C3 can make an A+·C wobble-like base pair at
physiological pH and A8·U3 is a Watson-Crick pair with two-hydrogen bonds. Both the
variants cleave ~25-30 fold slower than G8·C3 (unmod) with a relatively high fraction of
substrate in the first phase (Table 3.1).
Ligation reactions were carried out in the presence of trace amounts of 5′-32P end
labeled 5′ product with saturating concentrations of ribozyme and 3′ product (2µM and
2.5µM respectively) as described in the Materials and Methods. The unmodified
ribozyme exhibits an observed ligation rate of 22 min-1 at pH 7.5 with 30% ligation (Fig.
3.2A and Table 3.1). Ligation was equally affected in most of the variants especially with
respect to the fraction ligated. C8 and G3 ligated very inefficiently in terms of rate and
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extent both of which were significantly rescued by C8·G3, the compensatory mutant. The
rescued rate (kobs,

ligation

C8·G3 = 1.4 min-1; 19% fraction ligated) was about 16-fold

slower than the unmodified ribozyme. All the other substituted variants (DAP8, U3,
DAP8·U3, A8, A8·U3) ligated at a rate that was not very distinct from each other. It did
not matter whether they were able to form hydrogen bonds between positions 8 and 3 or
not. They were all between 6-16 fold slower than the unmodified ribozyme with low
extents of ligated fraction ranging from 6-15% (Fig. 3.2A, C and Table 3.1).
Unlike the unmodified ribozyme, none of the variants could be observed to hydrolyze
the 2′, 3′- cyclic phosphate on the 5′ product within 24 hrs (Supporting Information, Fig.
3.7). Either the reaction is so slow that we were not able to detect it, or a more likely
reason could be that the hydrolysis reaction may be extremely sensitive to disruption by
changes in the active site.

Importance of the G8·C3 base pair in folding.
Folding of the ribozyme into its active conformation is aided by the presence of
tertiary interactions between the loops on stems I and II (Canny et al., 2004; Kim et al.,
2005; Osborne et al., 2005; Lambert et al., 2006). Natural hammerhead ribozymes require
µM range of magnesium to fold (Penedo et al., 2004) in contrast to mM magnesium
needed by the minimal hammerhead construct (DeRose, 2003; Blount & Uhlenbeck,
2005) to achieve similar rates. In spite of the loop-loop tertiary interactions, single
nucleotide modifications can significantly affect the folding characteristics of the
molecule which consequentially modifies the reaction rate. Native gel electrophoresis
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was used to study the global folding of the ribozyme-substrate complex while hydroxylradical footprinting assays were employed to analyze the folding of the complex at single
nucleotide resolution. We found that modifications to the G8·C3 base pair affected the
global folding of the ribozyme and the population of active conformations.
In the native gel analysis, 5'-32P labeled ribozyme variants are incubated with the noncleavable (deoxy C17) substrate and the reaction buffer for at least 10minutes to allow
ribozyme-substrate complex to fold as described in Materials and methods. The
unmodified ribozyme-substrate complex migrates as a single band on the non-denaturing
gel (Fig. 3.3) indicating that all the molecules fold into a similar global structure. Under
totally different reaction conditions in the presence of a modified natural hammerhead,
Osborne and co workers had observed two bands on a native gel. One of the bands was
more populated than the other which explained the existence of biphasic kinetics in their
construct under their conditions (Osborne et al., 2005). Under our reaction conditions we
only observe a single band for the unmodified ribozyme. DAP8 is seen to migrate as a
smear instead of a single band. The smearing pattern was observed even with lower
exposures and when experiments were carried out using 5′-

32

P labeled non-cleavable

substrate with DAP8 ribozyme, as discussed later. The cleavage profile of DAP8 in Fig.
3.2C shows that it has only a small fraction of the molecules in the active conformation
which are part of the first phase of the cleavage reaction. The second phase of the
reaction probably represents the alternatively folded molecules that are slowly converting
into the active fold. These molecules of the second phase could be part of the smear seen
in the native gel. U3 migrates as a single band (Fig. 3.3) and this correlates with the high
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fraction of molecules (58%) in the first phase of its cleavage reaction (Fig. 3.2C).
Similarly DAP8·U3, A8 and A8·U3 migrate as single bands at par with the unmodified
ribozyme. Of note is the fact that all the three variants- C8, G3 and C8·G3 migrate at a
distinctly higher level than the unmodified ribozyme. These variants due to the purinepyrimidine switch at the 8 and 3 positions could be folding into an alternate structure that
is minimally active but not very efficient.
Similar experiment was done with 5'-32P labeled non-cleavable (deoxy C17) substrate
that was individually run with each of the variant ribozymes (Supporting Information,
Fig. 3.8). The pattern of migration did not change. A deoxy substitution at G5 inhibits
folding of the ribozyme-substrate complex into an active conformation in the minimal
form of the ribozyme (Bassi et al., 1996; Bassi et al., 1999; Hampel & Burke, 2003). This
variant in the natural hammerhead ribozyme retains the loop-loop tertiary interactions
confirmed by backbone protection assay and fluorescence based assays. The core on the
other hand, folds differently from the unmodified ribozyme apparent from atypical
backbone protection of the core (Buskiewicz & Hampel, unpublished data). Even on a
native gel it is seen to migrate a little slower than the unmodified active ribozyme but
slightly faster than the C8, G3 variants. It was observed that none of the variants migrated
with dG5.
The hydroxyl radical footprinting was also carried out with the non-cleavable (deoxy
C17) substrate as described in Materials and Methods. Previous studies, done with three
different minimal hammerhead constructs displayed identical protection patterns (Hampel
& Burke, 2003) with protection seen in the conserved core nucleotides (G5, A6, U7, G8
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and A9) of the ribozyme strand and at the cleavage site (C17, C1.1 and U1.2) on the
substrate strand. Similar protections were seen in the construct used in the current study
along with additional protections in loop 2 (at positions L2.3 and L2.4) and in stem I (at
C2.7 and A2.8) due to the loop-loop interactions (Fig. 3.4A, B, D). The residues
protected from the nucleolytic attack of the radicals are same as the nucleotides that have
reduced C1′ and C4′ solvent accessibility, as calculated from the recent crystal structure
(2GOZ; (Martick & Scott, 2006)) using the surface racer software. Strongest protections
are seen at positions A6, C7, L2.3, L2.4 (ribozyme strand) and positions C17 and C1.1
(substrate strand) in the unmodified ribozyme (Fig. 3.4A, B, and C). Hence the fractional
protections at these residues are used for comparing the tertiary structure between the
different variants under study.
C8, G3 and C8·G3 variants show the least protection in the core and the loops (Fig.
3.4A, B and C) among all the variants. DAP8 and A8 are two variants in which the loop
protections are retained while those in the core are lost (Fig. 3.4A, B). The variants: U3,
DAP8·U3 and A8·U3 display between 50 - 100% protection compared to that in the
unmodified ribozyme (Fig. 3.4 A, B, C). Broadly we can conclude that most of the
variants can at least partially fold into the active conformation with the help of the loops,
except for the C8 and G3 variants that fold distinctly differently. Some of the variants
display protections that are not observed in the unmodified ribozyme and are variant
specific. For instance, positions 3, 4 and 5 are more strongly protected in G3, C8·G3 and
DAP8·U3 than in the unmodified (Fig. 3.4A). The only plausible reason would be the
formation of a slightly modified core in these particular substituted variants.
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Cleavage and ligation rate profiles of unmodified ribozyme over a range of pH
The pH profile of cleavage is similar to what has been previously observed with
different hammerhead constructs (Dahm et al., 1993; Canny et al., 2004). The cleavage
rate increases almost log-linearly with pH till around 8.0 after which the rates do not
increase dramatically with pH (Fig. 3.5). The maximum rate measured for cleavage was
292 min-1 at pH 9.0. The ligation rate – pH profile of the unmodified ribozyme displayed
a very different pattern. All the ligation rate values represent first phase of the reaction in
which the cleavage products are getting ligated. The decrease in the ligated substrate is
not included while calculating the ligation rate. The rate increases (not log-linearly) with
pH till 7.5 after which it starts decreasing. The maximal ligation rate observed was 29
min-1 at pH 7.5. There is a 10-fold difference between the fastest observed cleavage and
ligation rate.

Catalytic properties of deoxyG8 at pH 7.5
Studies from our lab had suggested that the N1 proton of G8 could have a role in the
acid-base catalysis of the hammerhead ribozyme, but the recent crystal structure instead
placed its 2′ hydroxyl group in proximity to the scissile bond so that it can potentially
serve as the general acid (Han & Burke, 2005; Martick & Scott, 2006). Replacing the
ribonucleotide at G8 with a deoxy-ribonucleotide and analyzing the cleavage reaction
would help to confirm its role in the chemistry. Interestingly the variant exhibited
cleavage but not at low pH. Parallel studies in our lab had observed a sharp increase in
cleavage rate with pH (Buskiewicz et al. unpublished) as seen in Fig. 3.5. If the dG8
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ribozyme can cleave, it should be able to carry out ligation. As expected, the ligation
reaction displayed a similar profile except that at all pH values, the ligation rate was
slightly faster than the cleavage rate (Fig. 3.5).

DISCUSSION
The hammerhead ribozyme used in this study is in the native form derived from S.
mansoni. The native form of the ribozyme comprises extended helices I and II containing
an internal loop and a hairpin loop respectively (Ferbeyre et al., 1998) (Fig. 3.1A). The
presence of the loop-loop interactions has been shown to enhance the catalytic efficiency
of the ribozyme (Khvorova et al., 2003; Canny et al., 2004; Nelson et al., 2005)
compared to its minimal counterpart (Hertel et al., 1994). The structural implication of
the two different constructs is apparent in the crystal structures (Pley et al., 1994; Scott et
al., 1995; Martick & Scott, 2006). The stability of the native ribozyme helped to capture
it in a biochemically more relevant conformation (Martick & Scott, 2006) since it was
able to explain much of the experimental data that was clashing with the interactions seen
in the crystal structure of the minimal ribozyme (Nelson & Uhlenbeck, 2006; Przybilski
& Hammann, 2006; Scott, 2007; Westhof, 2007). Some aspects of the catalytic
mechanism still remain controversial. This includes the functional group that serves as
the general acid in the cleavage reaction and the role of the evolutionarily conserved G8.
In the crystal structure (2GOZ) the G8 forms a functionally important base pair with C3
(Martick & Scott, 2006) that helps to position the 2′-OH of G8 in-line with the 5′oxygen,
leaving group to act as the general acid (Fig. 3.1B). Here, we used multiple approaches to
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analyze ribozyme variants with a variety of base substitutions at positions 8 and 3 (Fig.
3.1C).

8 and 3 substitutions display a need for base pairing to carry out catalysis.
Cleavage and ligation rates were measured at pH 7.5 under our standard reaction
conditions (50mM HEPES/NaOH pH 7.5, 0.1M NaCl, 0.1mM EDTA, and 10mM
MgCl2). Data suggests that in the absence of the natural base pair (G8·C3), all 8 and 3
substitutions are relatively detrimental for catalysis. We noted that the fastest variants
(kobs, cleavageU3 = 4.9 min-1; kobs, ligation DAP8·U3 = 1.5 min-1) were not always the ones that
had the potential to make a Watson-Crick base pair and that they were at least 10-times
slower than the catalytic rates observed in the unmodified ribozyme (G8·C3 kobs, cleavage =
77 min-1; kobs,

ligation

= 22 min-1). C8·G3 ribozyme is the only variant that significantly

rescues the cleavage and ligation activity of the C8 and G3 individual variants (Fig. 3.2C
and Table 3.1). This rescue of cleavage activity is in accordance with published data
(Martick & Scott, 2006; Przybilski & Hammann, 2007b). It has been seen before in the
hairpin ribozyme that base modifications can preferentially affect either cleavage or
ligation (Gaur et al., 2007). In the hammerhead ribozyme, the cleavage rate is more
sensitive to the changes in this base pair than ligation. While C8·G3 cleavage rate is ~145
fold slower than that of the unmodified, it ligation rate is only 16- fold slower. This
suggests that the base pairing is more crucial for orienting the core functional groups for
the cleavage reaction via SN2 mechanism.
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The cleavage rate in all the other variants is equally or more challenged than the
ligation rate but the fraction of ligated substrate in the first phase of ligation reaction is
reasonably low compared to the fraction of cleaved products in the cleavage assay. This
is in spite of the fact that both the reactions were independently optimized, thus making
the difference more important. It is apparent that any sort of pairing (strong - G8·C3,
C8·G3, DAP8·U3; weak Watson-Crick base pair - A8·U3 or even a wobble pair G8·U3,
A8·C3) between positions 8 and 3 is essential for cleavage and ligation but since
restoring the base pair does not increase the reaction rates to the level of the unmodified
ribozyme it is logical to conclude that the evolutionarily conserved G8 and C3
nucleotides have a greater role in catalysis than just forming a base pair to stabilize the
catalytic core.

Purine 8· pyrimidine 3 is preferable.
Przybilski & Hammann (Przybilski & Hammann, 2007b) had observed that the
hammerhead ribozyme from peach latent mosaic viroid (PLMVd) preferred a pyrimidine
at 3 and purine at the 8 position. A similar preference is seen in the hammerhead
ribozyme from S. mansoni too. C8·G3 (base paired variant) cleaves 145- fold slower than
unmodified ribozyme whereas DAP8·C3, a combination that cannot form a strong
interaction cleaves only 20- fold slower (Table 3.1). The fraction reacted in each case
may be different but the rate of the reaction is dependent on correct folding of the core by
proper twisting of the backbone to orient the functional groups appropriately for the
reaction. This requires the presence of a purine at 8 and a pyrimidine at position 3.
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A comparison of the ligation rates shows that the negative effects of having
pyrimidine at 8 or purine at 3 (kobs,ligation for C8 = 0.027 min-1, G3 = 0.018 min-1) can be
compensated to some level by the formation of a base pair between the two bases
(kobs,ligation for C8·G3 = 1.4 min-1). C8 and the G3 variants migrate distinctly slower on a
non-denaturing gel compared to all the other variants (Fig. 3.3) suggesting that they fold
differently compared to the unmodified ribozyme. They do not misfold in the same
fashion as dG5, a known misfolding modification since they do not co-migrate with it
(Supporting Information, Fig. 3.8). The final extent of cleaved fraction in cleavage and
ligation reactions (Fig. 3.2C) shows the presence of large number of molecules in an
inactive conformation. The backbone protection of these variants (C8, G3, C8·G3) is
significantly reduced even in the loops (Fig. 3.4A, B, C) thus strengthening the argument
that the ribozyme prefers a purine at position 8 and a pyrimidine at 3.

Unmodified ribozyme at pH 7.5
The unmodified ribozyme with all its conserved nucleotides shows faster rates of both
cleavage and ligation than any of the variants. The ribozyme is more efficient at cleavage
than ligation. Under standard reaction conditions (pH 7.5 in 10mM MgCl2, 0.1mM
EDTA and 100mM NaCl), we observed three phases in the cleavage reaction profile,
each cleaving a different fraction at a distinct rate (Fig. 3.2A). Such a profile can be
interpreted as either the presence of multiple channels for cleavage reaction or the
presence of more than one conformation of the ribozyme-substrate complex. At pH 7.5
the first phase of the reaction cleaves 30% of the substrate at the rate of 77 min-1. The
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fraction of molecules in the first phase is not observed to change with pH while the rate
of the reaction increases considerably. The fraction of products in the second phase of the
reaction also does not change with pH but the rate increase is only marginal. At pH 6.5,
47% of the substrate cleaves at an observed rate of 0.09 min-1, at pH 7.5, 40% cleaves at
0.26 min-1 and at pH 8.5, 46% cleaves at 0.4 min-1. This implies that the second phase of
cleavage observed is primarily the pH-independent conversion of an inactive ribozymesubstrate complex into the active conformation.
The ligation profile was found to be unique as well. About 30% of the labeled 5′
product ligated at 22 min-1. The remaining fraction does not seem to ligate, and in fact the
molecules that had ligated, start getting cleaved. The ligation reaction does not reach a
stable equilibrium with cleavage and after about 3 hours all of the substrate is in the
cleaved form which cannot be ligated again (Fig. 3.2B). The observed decrease in ligated
fraction over time is due to the comparatively faster cleavage rate and also due to the
hydrolysis of the 2′, 3′-cyclic phosphate to 2′ or 3′ phosphate (Fig. 3.2B). Either of the
reasons alone could not give rise to the observed profile. During the process of the
reaction, both cleavage and ligation are taking place simultaneously. Some sort of
equilibrium should have been attained between the two opposing reactions if only the
former reasoning was true. Since the ligation reaction ends with completely cleaved
products, both reasons together explain the observed ligation profile.
Hydrolysis of the 2′, 3′-cyclic phosphate has been observed previously in the VS
ribozyme at longer time points in a cleavage assay (Zhao et al., 2005) although it did not
severely effect the cleavage reaction. In this study, it has been observed that hydrolyzed
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5′ product appears earlier in time when assaying a ligation reaction (Fig. 3.2B). This
suggests that the opening of the ring occurs as a side reaction when the 5′ product (with
2′, 3′- cyclic phosphate end) is undergoing ligation with the 3′ product (with the 5′-OH).
At long time periods, this results in irreversible accumulation of the two products, and it
may explain the last, very slow phase observed in the cleavage reaction, which yields
~90% cleaved products.
Preliminary ligation reactions were also carried out with an extended helix III
(Schist26 - the construct used in (Canny et al., 2007)) that has a lower 5′ product
dissociation rate. This construct also displayed the lack of ligated substrate at the end of
the ligation reaction (~ 2 hours; Supporting Information Fig. 3.6). Thus it rules out any
significant contribution of 5′ product dissociation rate towards the observed profile in the
current construct. The cleavage and ligation extents of the unmodified ribozyme (Fig.
3.2A) reveal the absence of the inactive species observed in the publication of (Canny et
al., 2007). The probable reason for the differences could be that the reactions were
carried out for longer time periods in this work.

Cleavage and Ligation is seen in deoxy-G8.
Some studies had suggested that the N1 of G8 could be involved in the acid-base
chemistry for cleavage in the hammerhead ribozyme (Han & Burke, 2005) while others
proposed that the 2′OH group of G8 could be the general acid in the reaction (Martick &
Scott, 2006). The crystal structure clearly positions the 2′OH group of G8 in-line with the
scissile phosphate providing strong evidence against the former suggestion. In this study
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we find that deoxy G8 substituted ribozyme is active at pH 7.5. Parallel studies in our lab
have shown that its cleavage rate increases with pH (Buskiewicz et al. unpublished data;
Fig. 3.5). The variant can carry out ligation at pH 7.5, and its ligation rate is faster than
the observed cleavage rate at all pH values tested.
The 2′OH of G8 is a key factor in the fast cleavage rate seen in the unmodified
ribozyme since the dG8 cleavage rate is slower by more than 200-fold at pH 7.5 (Table
3.1). In previous studies, in minimal hammerheads, a deoxy modification at G8 was also
found to reduce the cleavage activity drastically (Fu & McLaughlin, 1992; Williams et
al., 1992). Since dG8 is capable of cleavage and ligation, it is evident that 2′OH is not the
only group that can act as the general acid for cleavage and general base for ligation.
Based on this data it is not possible to identify the potential proton donor in the dG8
cleavage reaction. The reaction could be occurring via a metal hydroxide, a free
hydroxide or a water molecule activated by a metal or an RNA functional group.

pH profiles
pH profiles in Fig. 3.5 were generated with the first phase reaction rates for the
unmodified and dG8 ribozyme. Cleavage rate – pH profile for the unmodified
hammerhead is similar to that obtained before (Dahm et al., 1993; Canny et al., 2004) but
the ligation profile has not been looked into before, probably due to the slow rates and
low reaction extents obtained with other hammerhead constructs (Nelson et al., 2005).
The ligation rate – pH profile is very different from that of cleavage. The rate increases
between pH 5.5 and 7.5 but it is not a log-linear increase, as seen in the cleavage rate
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profile. At lower pH values the cleavage and ligation rates are similar but beyond pH 7.5,
the ligation rate shows a slight decrease.
If we consider the 2′-OH group of G8 is the general acid and deprotonated N1 of G12
is the general base in the cleavage reaction the pH profile can be explained by plotting
kobs on pH-species plot (Bevilacqua, 2003; Lilley, 2005). Since both the groups have a
high pKA, the functional form of the acid will decrease at high pH while the functional
form of the base increases with pH and then levels off at high pH. The resultant cleavage
and ligation profiles should be similar considering that the reactions are microscopically
reversible. The general acid in the cleavage reaction should be acting as the general base
for the ligation reaction and same for the general base. The cleavage rate – pH profile
shows the expected, log-linear increase in rate with pH till 8, after which the increase in
rate is not as drastic. This could be due to the decrease in the functional fraction of the
acid or due to destabilization of base pairs (by deprotonation) in the ribozyme-substrate
complex. In specific, destabilization of the G8·C3 base pair has been proposed to be the
cause for the decrease in the observed cleavage rate (Buskiewicz et al. unpublished). The
ligation rate-pH profile cannot be explained on the basis of the pH-species plot. This
could happen if the true rate of ligation is being masked by other factors that are
negatively affecting the fraction of ligated substrate at any specific time and as a
consequence the observed ligation rate. The ligation reaction at any given time is being
influenced by the reverse, faster cleavage reaction. The affect is stronger especially if the
dissociation rate of the ligated substrate is slower than the dissociation of the 5′ product
after cleavage. The hydrolysis of the 2′, 3′- cyclic phosphate (5′ product), leading to the
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conversion of the active 5′ product into a non-ligatable species adds an extra strain on the
reaction. At high pH, bases gets deprotonated that can destabilize numerous base pairs
which can make it harder for the ribozyme to correctly orient the floppy ends of the 3′
product and 5′ product for ligation by SN2 mechanism. All these factors together make is
tricky to interpret the complicated ligation profile.
In the dG8 variant the cleavage and ligation rates are not drastically different and both
rates consistently increase with pH. This implies that in the absence of the 2′-OH group
the reaction takes place via a second channel. Some other functional group is working as
the general acid and the general base for the cleavage and ligation reaction respectively.
This functional group could be involved in pH sensitive interactions and contributes
almost equally to the forward and reverse reactions.
Loss of the 2′-OH of G8 reduces the reaction rates tremendously suggesting that the
interactions that it makes are a huge reason for the fast catalytic rates seen in the
hammerhead ribozyme. These interactions could include transition state stabilization or
hydrogen bonds with water molecules, metal hydroxides or just free hydroxide ions to
strengthen its role as a general acid in cleavage.
The results in this study support the requirement for the formation of the G8·C3 in the
active form of the ribozyme. At the same time, it is observed that the properties of the
conserved nucleotides at these positions cannot be replaced by any other base pairing
substitutions proposing that these nucleotides make a more crucial contribution to
catalysis than just base pairing to orient the 2′-OH of G8 for catalysis. Ligation revealed a
new side reaction that hydrolyzes the 2′, 3′- cyclic phosphate present on the 5′ product of
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the cleavage reaction. The rate of hydrolysis was found to increase with increase in pH
and Mg2+ concentration.
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Table 3.1 Cleavage and ligation rates of all variants at pH 7.5
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Figure 3. 1 Ribozyme construct, catalytic core and substituted base pairs
(A) Secondary structure of the hammerhead ribozyme used in this study. Substrate strand
is shown in green. Other strands are marked as Rz (ribozyme), 3′p (3′ product) and 5′p (5′
product). Cleavage site is indicated with an arrow. Nucleotides in blue (G8 and C3) were
individually substituted with nucleobases, as shown in (C). (B) Catalytic core of the
hammerhead ribozyme showing the G8·C3 base pair and its proximity to the cleavage
site. Adapted from the crystal structure, 2GOZ (Martick & Scott, 2006). (C) Different
nucleobases substituted at positions 8 and 3 and the potential base pairing between them
for each substitution. Nucleobase on the left represents position 8 and on the right
represents position 3.
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Figure 3.1A
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Figure 3.1B
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Figure 3. 2 Cleavage and ligation profiles of all the hammerhead variants
Reactions were carried out in 50mM HEPES/NaOH pH 7.5, 0.1mM EDTA, 100nM NaCl
and 10mM MgCl2 with ribozyme concentrations as mentioned in Materials and Methods
for optimal rates. (■) denotes the cleaved fraction and (ο) denotes the fraction of cleaved
molecules in a ligation reaction. (A) Cleavage and ligation profile of unmodified
ribozyme. (B) Chemical reaction leading to the formation of the 2′ or 3′ phosphate by
hydrolysis of the cyclic phosphate. Gel represents cleavage (top panel) and ligation
reaction (bottom panel) of unmodified ribozyme at pH 7.5 (left panels) and pH 8.5 (right
panels) to qualitatively depict the rate of appearance of the hydrolyzed 5′ product (lower
band) which migrates faster than regular 5′ product with 2′, 3′- cyclic phosphate.
Numbers below each gel denote hour or minutes ( ′ ) at which the reaction was stopped.
(C) Cleavage and ligation profiles of all the variants. Vertical axis represents the cleaved
fraction. Experiments were repeated at least three times and the average of fraction
reacted at each time is plotted on a log time-scale.
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Figure 3.2A
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Figure 3.2B
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Figure 3.2C
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Figure 3. 3 Native gel electrophoresis of hammerhead ribozyme variants
Each lane represents a labeled ribozyme variant along with the non-cleavable substrate
(deoxy C17). Rz-S docked complex migrates at the level marked with (*). Alternately
folded molecules migrate above that level.
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Figure 3. 4 Hydroxyl radical footprinting assay
(A) Polyacrylamide gel analysis of 5'-end-labeled Rz containing nucleobase substitutions
in the absence (-) or presence (+) of non-cleavable substrate. Left most lanes represent
the alkali and T1 digest of the unmodified ribozyme. Filled circles denote protections
equivalent to that in unmodified ribozyme. Half-filled circles denote approximately 50%
protection and open circles denote no protection compared to the unmodified ribozyme.
(B) Fractional protection seen in the ribozyme strand of the various mutants with noncleavable substrate. (C) Fractional protection seen in the 5'-end-labeled non-cleavable
substrate in the presence of ribozyme strand of each variant. Vertical scale indicates
fraction protected. For the unmodified ribozyme, strongest protections in the ribozyme
are seen at positions 6, 7, L2.3 and L2.4 and in the substrate; it is seen at C17 and C1.1.
Protection and loading controls were taken into account while calculating fractional
protection, as described in Materials and Methods. Values represented are the average of
at least three experiments. (D) Secondary structure of the extended hammerhead
ribozyme derived from S. mansoni depicting the sites that are protected from hydroxyl
radical attack marked by shaded circles.
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Figure 3.4A
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Figure 3.4B
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Figure 3.4C
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Figure 3.4D
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Figure 3. 5 Reaction rate-pH profile of the hammerhead ribozyme
Cleavage (○, □) and ligation (●, ■) rates of the unmodified hammerhead (circles) and
dG8 variant (squares) measured from pH 5.5 to 9.0 under standard reaction conditions as
described in Materials and Methods. The reaction rate is plotted on a log scale to
emphasize the differences. Error bars for rates are within each symbol.
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SUPPORTING INFORMATION

Figure 3. 6 Ligation in Schist26 hammerhead ribozyme
Preliminary ligation reactions were carried out with Schist26 construct (Canny et al.,
2007) that has longer helix III (9 base pairs) to reduce the dissociation rate of the 5′
product. Reactions conducted in 50mM buffer with 100mM NaCl, 0.1mM EDTA and
10mM MgCl2. RNA concentrations used: 0.2µM ribozyme strand, 4µM 3′product and
<1nM 5′ -

32

P labeled 5′ product. The results show that the fraction of ligated substrate

decreases even in the construct with extended helix III suggesting that the dissociation
rate of the 5′ product was not the reason for the observed reduction in ligated substrate.
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Figure 3. 7 Generation of hydrolyzed product during cleavage and ligation reactions
The formation of hydrolyzed 5′ product was observed to occur in the unmodified
ribozyme at a slow rate in the cleavage reaction and it appeared faster during a ligation
assay. The driving question was that if this phenomenon was unique to the unmodified
ribozyme. All the hammerhead ribozyme variants assayed under standard reaction
conditions (Materials and methods) at pH 7.5 to observe the formation of hydrolyzed 5′
product. Three time points were analyzed: 0, 30 min, 24 hours. The reaction had to be run
on a long sequencing gels to distinctly visualize the two 5′ products. (A) In the cleavage
reaction it was found that the side reaction occurred fastest in the unmodified ribozyme
compared to all the other variants used in this study. A small band can be observed at 24
hours for DAP8·U3. (B) In the ligation assay at the 24 hour time point all the 5′ product
has been hydrolyzed whereas a very small fraction appears for C8·G3 variant. This
suggests that either the side reaction is slower in the variants such that we could not
detect it within 24 hours or else the hydrolysis is characteristic to specific sequence
variants of the hammerhead ribozyme.

154

Figure 3.7A
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Figure 3.7B
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Figure 3. 8 Native gel electrophoresis of hammerhead variants with labeled substrate
All the hammerhead variant ribozymes (0.5µM) complexed with 5′-32P labeled noncleavable substrate (deoxy C17) under standard reaction conditions (40mM Tris-HCl pH
7.5, 25mM MgCl2, 25% glycerol and 10µM ATP) were run on 11% non-denaturing gel at
4°C overnight. First lane in each gel represents the labeled substrate. All the other lanes
have ribozyme and substrate. Most of the variants migrate with the unmodified ribozyme.
Deoxy-G5 (dG5), a variant known to cause misfolding in the minimal hammerhead
ribozyme, also fold differently in the extended hammerhead construct. Alternately folded
molecules (C8 and G3 variants) migrate slower than unmodified and dG5.
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APPENDIX
A. HAIRPIN RIBOZYME

All the A9 and A10 hairpin ribozyme variants studied in chapter 2 (Gaur et al., 2007)
were tested for ligation in the background of the four-way junction (4WJ). The 4WJ
ribozyme forms a very stably docked complex with the substrate such that it can
overcome docking problems which are otherwise inhibitory in the two-way junction
construct. Reactions were carried out in 50mM HEPES/NaOH pH 7.0, 15mM MgCl2,
with ribozyme, FW1 and FW2 strands at 15µM final concentration with < 1nM 5′-32P
labeled 5′product. For AP9, DAP9, G9 and G10 the reactions were stopped at 0, 1, 2, 3,
5, 10, 20 minutes and all others were stopped at 0, 5, 10, 30 and 60 minutes. All the
variants that did not ligate in the 2WJ viz. G, I, C and U at positions 9 and 10 are active
in this experiment although the other variants ligate faster and to a higher extent in the
FWJ construct. This supports the view that tertiary structure stability is important factor
for ligation in the hairpin ribozyme.
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Figure A. 1 Ligation of hairpin ribozyme variants in 4WJ construct
Ligation of all hairpin ribozyme variants in the 4WJ background at pH 7.0. All the
variants are rescued to varying extents.
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B. HAMMERHEAD RIBOZYME

The cleavage rate-pH profile of the hammerhead ribozyme is observed to be loglinear (Dahm et al., 1993; Canny et al., 2004). The profile changed when the ribozyme
was substituted with DAP8 as shown in Fig. 1.18 suggesting a probable involvement of
N1 of base at position 8 in catalysis (Han & Burke, 2005). Since in the crystal structure
of the extended hammerhead ribozyme, G8 was base paired with C3 it led to the
proposition that the pH sensitivity of the G8 N1 variants could be a result of an unusual
pH sensitivity of the G8·C3 base pair (Martick & Scott, 2006). Based on this we
hypothesized that if the base pair was important for folding the ribozyme-substrate
complex or for orienting the 2′-OH (G8) for catalysis, any Watson-Crick base pair should
have a similar profile as the unmodified ribozyme. If the base pair has a role other than
this, the cleavage rate- pH profile would differ from that of the unmodified ribozyme.
This was done by determining the cleavage rate-pH profiles of all the G8 and C3
substituted variants. The reactions were carried out under standard conditions (50mM
buffer, 100mM NaCl, 0.1mM EDTA, 10mM MgCl2, 0.5µM ribozyme strand and <1nM
5′-32P labeled substrate). Buffers used for the pH profile were: MES/HCl buffers for pH
5.0 to 6.5, HEPES/NaOH for pH 7 to 8 and CHES/NaOH for pH 8.5 and 9.0. After all the
experiments were conducted it was determined that the substrate being used for cleavage
assays was shorter by ~ 8 nucleotides at the 3′ end. Due to this it could not be included
along with the work described in chapter 3. Nonetheless, it was surprising to observe
such fast cleavage rates with the shorter substrate. The cleavage rate observed at pH 7.5
with shorter construct was 50 min-1 compared to 77 min-1 observed with the regular
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substrate. Further analysis needs to be done to determine the role of stem I in folding and
catalysis, in specific the role of the helix above the loop in stem I.
The profiles show that DAP8·U3 is the only variant that follows a profile similar to
the unmodified ribozyme with at least 10-fold slower rate at every pH value. The profiles
of all the other variants can be explained based on the strength of the base pair. G8·C3
and DAP8·U3 can make a strong three hydrogen bonded base pair, so we see a consistent
increase in the observed cleavage rate with pH (Fig. A.2). G8·U3 and A8·U3 can make
two hydrogen bonded base pair which can become weaker at the higher pH by the loss of
one bond and so the cleavage rate is not observed to increase when the base pair is
weakened (Fig. A.3). A8·C3 and DAP8·C3 can potentially make probably one hydrogen
bond which is easily destabilized or lost with slightly higher pH. This leads to the
observed bell-shaped profile for both the variants (Fig. A.2, A.3). Based on these results
we see that the strength of the base pair is essential for catalysis but it does not rule out
the hypothesis that G8 and/or C3 might have another role to play in the reaction since
restoration of the base pair does not bring back the cleavage rate to the level of that seen
in the unmodified ribozyme.
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Figure A. 2 Cleavage rate-pH profile for DAP8 and U3 hammerhead variants
Cleavage rates were determined under standard reaction conditions with 5′-32P-labled
substrate, that is 8 nucleotides shorter at the 3′ end compared to the regular substrate used
in other studies. Cleavage rate of the hammerhead ribozymes substituted with DAP8, U3
and DAP8·U3 are compared to that of the unmodified ribozyme between pH 5.5 and 9.
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Figure A. 3 Cleavage rate-pH profile for A8 and U3 hammerhead variants
Cleavage rates were determined under standard reaction conditions with 5′-32P-labled
substrate, that is 8 nucleotides shorter at the 3′ end compared to the regular
substrate used in other studies. Cleavage rate of the hammerhead ribozymes
substituted with A8, U3 and A8·U3 are compared to that of the unmodified
ribozyme between pH 5.5 and 9.
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